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ABSTRACT
The donor-acceptor chemistry of some Groups (IV ), (V) and (VI) halides 
was investigated with a number of ligands.
Trimethylamine provided donor complexes with Hf (IV ), Mo (V ), Mo ( I I ) ,  
As (TIT) and Sb (TIT) halides. With Cp2T iC l2 , M0OCI4 and AuCli trim ethyl- 
amine was found to act as a reducing agent. The use of MCl4 . 2NMe7 
CM = Zr, Hf) adducts as intermediates in complex synthesis was b r ie f ly  
studied, and the Megtren adducts (MCl2Megtren)z+2Cl~ (M = T i ,  Zr, Hf) 
iso lated .
Hexamethylphosphoramide (HMPA) gave adducts with both M (IV) (M = T i,  
Zr, Hf, Sn) and M C H I) (M = T i ,  V, Cr) chlorides. From the TiCVHMPA 
system, adducts of 2 : 1 , 1 : 1  and 1 ; 2  stoichiometries were isolated. 
O C I3 .3HMPA was isolated as both fac and mer isomers. The (Me2N)xC l3_xPS 
Cx = 1 ,2 ,3) series are much weaker donors than HMPA* although they 
provided a number of adducts with hard Lewis acids. Changes in the 
electronic structure of the phosphoryl and thiophosphoryl ligands that 
occur on complexation were examined by *H, 13c, 31p an(j ir  spectroscopy.
(Me2N)2CH2 and bis(dipheny1 phosphino)methane gave 1 : 1  adducts with 
MCIV) halides. The dominant reaction in the CpTi(NMe2)3 and Cp2Zr(NMe?)o/ 
MX4 systems, however, was group exchange to give the respective CpM halides. 
Me2Si(NMe2)2 gave both 1:1 adducts (M (IV) = T i ,  Zr, Hf, Sn) and group 
exchange (M = S t, Ge, T i j .  The donor-acceptor chemistry of Me2SiCl(NMe2) 
and C l3Tt(NMe2) was B rie fly  studied, and was found to be dominated by 
disproportionation.
(CH20)3 and CCHoS)3 act as weak monodentate donors towards hard 
M (IV) acids. Dynamic behaviour in the SnCl4 . 2 (CH2S ) i  system was 
investigated by 'H NMR and interpreted in terms of both ring inversion  
and donor-site interchange. (MeBNMe)3 was found to act as a bridging 
bidentate o-donor in (MeBNMe)3 . 2T iC l4 .
The substituted oxamides (C0NHR)2 CR = Me. E t) , thiooxamides (CSNHR)2 
CR = Me, Et) and malonamide CH2CC0NHMe)2 act as chelating 00 or SS donors 
towards MCI4 (M = T i ,  Sn). IR and 'H NMR evidence suggests that the 
S donor ligands are more strongly bonded than the ir 0 counterparts.
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1. INTRODUCTION
The following introductory sections are concerned with the 
binary halides of the T i ,  V and Cr subgroups, the ir structural 
chemistry and donor-acceptor properties in non-aqueous media. The 
halides of Groups IVB and VB plqy a less important role in terms 
of the subject matter of th is thesis, and are therefore examined 
only in  a general sense (Section 1.4) with the relevant chemistry 
being introduced to the text as and where appropriate.
1.1 The Early  Transition Metals
The elements of groups IVA, VA and VIA exhibit many common 
properties, and are co llective ly  known as 'the early transition  
m etals'. A ll have re la tive ly  few electrons outside an inert gas 
configuration, and low effective nuclear charges. The resultant 
expansion in the size of the d-orbitals gives r ise  to low ionisation  
potentials, and the p o ssib ility  of high oxidation states with no or 
few electrons. One class of compounds which tends to take fu ll 
advantage of the possible range of oxidation states is  the halides, 
this being p articually  noticeable for the second and third row 
elements. The halides play an important part in early t-metal 
chemistry for a number of reasons. In high oxidation states they 
are often e ith er monomeric, or possess weakly bonded la tt ic e s , and 
can thus provide a wide range of donor chemistry. This is  in contrast 
to the early t-metal chalconides, for example, the chemistry of 
which is  dominated by polymeric la tt ice s  and polyanions, both 
being unreactive in a donor-acceptor sense.
Another feature of early t-metal chemistry concerns metal-metal 
bonding. This phenomenon, conspicuous for the second and third row
2.
elements has important repercussions for the coordination chemistry 
of the lower valence states, and is  further discussed in Section 1.1 .3 .
In those halides where metal-metal bonding is  not present, 
cleavage of the metal-halogen bond i s  unusually fa c ile , and although 
this presents some technical problems in material handling, the 
inconvenience is  more than offset by the extensive fie ld  of halo- 
substituted derivatives made possible by such reactions. The 
halides can, therefore,be u tilised  as synthetic precursors for a 
whole range of 0, N, S , and P bonded species as well as in the 
rapidly expanding region of organometallic chemistry. Since the 
problems of hydrolysis and aerial oxidation have largely been 
overcome by the widespread introduction of high vacuum techniques, 
the early t-metal halides have become the focus of considerable 
attention, and several texts have appeared, the works of Canterford 
and Colton (1 ,2 ), Kepert (3) and Clark (4) being of note.
1.1.1 Occurrence of oxidation states of early t-metal halides 
Despite the a v a ila b ility  of much thermodynamic data (5 ), no 
simple pattern has yet emerged for the prediction of stable 
oxidation states either along a row (e .g . T i ,  V, Cr) or down a 
group (e.g. T i ,  Zr, Hf). One point that is  fa ir ly  c lea r, however, 
is  the a b ility  of highly electronegative elements such as fluorine  
and oxygen to s ta b ilise  high oxidation sta tes, whereas bromine and 
iodine favour low oxidation states. For example, the known stable 
binary halides of molybdenum consist o f :-
MoFg
m° f 5 MoC15
MoF4 MoC14 MoBr4
m° f 3 Mocl3 MoBr3 Mol 3
MoC12 MoBrg Mol 2
are as yet unknown.
S im ila rly , although VC14 is  thermally unstable, with slow 
decomposition to VC13 and chlorine being found even at room 
temperature, examples of stable V(IV) and V(V) species ex ist in 
the oxohalides (V(IV)0C12 , V(V)0C13 and V(V)02C1).
1.1.2 Metal-metal bonding in early t-metal halides
Metal-metal bonding is  an important feature of early t-metal 
chemistry, dominating the structural (1.2) and complex (1.3) 
chemistry of the second and third row elements in low oxidation 
states. Kepert (3 , 6 , 7) and Vrieze (6) have reviewed the 
subject, and have summarised on an empirical basis the factors 
which tend to produce metal-metal bonding rather than mononuclear 
or halogen bridged species:
(a) High energies of atomisation and d-orbital overlap, both 
of which are favourable towards metal-metal bonding, are more 
pronounced for the early t-metals than for elements la ter in the 
d block. Thus metal-metal interactions are found in B-TiC l3 but 
not VC13 or CrCl3, in HfCl3 , TaCl3 and WC13 but not OsCl3 or 
IrC l3, in  NbCl  ^ and a-MoCl4 (m arginally), but not in b-MoC14 or 
TcC14. As these properties are enhanced in the second and third 
row elements, a sim ilar trend is  found on going down a particular  
group. For example, metal-metal bonding exists in TaCl3 and 
NbCl3, but not VC13 , in TaCl4 and NbCl4 but not VC14 and in WC14, 
with o-MoC14 (marginal), but not b-MoC14.
MoFg and MoI4_g
(b) Metal-metal bonding is  disfavoured by high oxidation 
states, where contracting d-orbitals and a reduction in the number 
of electrons available for m-m bonding are unfavourable influences.
In addition, a high metal:ha1ogen ratio  would produce weakening
of a projected m-m interaction on s te r ic  grounds. Examples of 
th is  phenomenon are numerous and ex ist in T i , and a ll the 
second and third row elements of the f i r s t  three periods.
(c) A decreasing la tt ice  energy in the order F>Cl>Br>I 
sta b ilise s  metal-metal bonding in the reverse order. I t  i s ,  therefore 
found that while m-m bonded bromo and iodo species are comparatively 
numerous, NbgF i5 appears to be the sole example involving fluorine (6 ) 
An estimation of the re lative  capacities of F vs. I for m-m bonded 
species, purely on the basis of the number of known compounds, 
should be approached with caution, however, as F favours high 
oxidation states which are usually F bridged polymers for reasons 
examined in (b). However, the series MoX3 (X = F , C l, Br, I)  does 
provide a valid example, with MoI3 and MoBr3 consisting of 
metal-metal bonded chains, MoC13 of chains of metal-metal bonded 
metal atom pairs, and MoF3 showing no signs of any interaction
at a l l .
1.2 Structure and Reactivity of Early T-Metal Halides
It  is  a generally held principle that the structure of the 
early t-metal halides pleys an important role in their re a ctiv ity , 
with decreasing reactiv ity  accompanying an increase in the 
polymeric nature of the metal halide. At a f i r s t  approximation th is  
behaviour can be rationalised simply in terms of the number of bonds
that have to be broken in order to achieve a mononuclear metal 
centre. A metal halide with a highly polymerised la tt ice  would 
then be expected to be less vigorous in it s  reactions than that 
of a sim ilar mononuclear or weakly associated species. With 
the Ti chlorides, for example, monomeric TiCl^ i s  a strong 
acceptor, forming donor adducts with a large number of both 
strong and weak donors. The chioro-bridged structure of a-TiCl^, 
however, requires the use of stronger donors and more forcing 
conditions, while the donor chemistry of the even more highly 
polymerised T iC l2 is  minimal and poorly understood. The introduction 
into the la ttice  of a strong metal-metal interaction has a 
large influence on reactiv ity . Thus the metal-metal bonded 
6 modification of T iC l3 is  not only chemically in e rt , but is  
capable of surviving an e lectro ly tic  oxidation-reduction cycle, 
apparently without change (8).
Despite th is general correlation between structure and 
re a ct iv ity , i t  is  impossible to predict the reactions of a particular 
metal halide purely on structural grounds. The factors involved 
are many and complex, and knowledge of some areas, particularly  
the nature of the reacting metal halide surface, i s  v irtu a lly  
non-existent.
1.2.1 Structural aspects
Structural data have now been obtained for the majority of 
the early t-metal halides, and from th is work several points have 
emerged.
(a) Within a sing le oxidation state , species with either 
the same halide ions (C l, Br, I )  or with the same central metal atom
are often isostructural. T yp ica lly , only one example of each 
structural type has been studied by sing le crystal X-ray methods 
with the remainder of the group being confirmed as isomorphous 
by comparison of powder X-ray photographs.
(b) Many of the early t-metal haltdes exhibit polymorphism.
This phenomenon can either take the form of metal-metal bonded vs. 
non-metal-metal bonded modifications as in B-and a -T iC l3 respectively, 
or i t  can be a difference in halide ion packing (e.g. a , y » and 6 
forms of T iC l3) . Modifications of the second type, present no 
change in the immediate environment of the metal ion, and there 
i s  no evidence for any difference in reactiv ity  between polymorphs. 
Consequently, modifications of th is type w ill be omitted from the 
text.
(c) The small size  and high electronegativity of fluorine 
gives r ise  to metal fluorides which are atypical in both a chemical 
and a structural sense. As the fluorides have l i t t l e  d irect  
relevance in terms of the subject matter of th is d issertation , 
they have been excluded from the following sections. The fluorides 
have been the subject of several reviews (9-13).
(d) Recent studies have found that a number of metal halides 
previously thought to be of a simple composition are in  fact non- 
stoichiom etrie, e.g . ZrCl3, Z rC l2 and H fl3 (14-16). The extent to 
which this phenomenon applies to the other metal halides has yet 
to be established.
(e) The lower halides of Nb, Ta, Mo and W are 'c lu ster' 
compounds, based on an octahedral arrangement of s ix  strongly 
metal-metal bonded metal atoms. A ll the cluster compounds have 
halide ions either positioned above each face of-the core 
octahedron, or bridging each edge, to give MgXg and M6X12 units 
respectively (Fig. 1 .2 .1 ).
Fig. 1.2.1 MgXg (a) and MgX^ 2 (b) Metal Cluster Centres
Additional halide ions can be bonded to the vertices of the Mg core 
e ither in a terminal capacity, or be engaged in bridging to adjacent 
c lu ste rs . To simplify the description of such clu sters, the 
formula 1 s often written in the form:- (c lu ster core)(number of bridging 
halides/number of clusters bridged by each halide)(number of terminal 
halides). For example, 'MoC^' which has a MogClg core +2 terminal
chlorine atoms +4 chlorine atoms each bridging to one other cluster  
would be described as (MOgClg)Cl4/ 2C l2. Sim ilarly» WC13 (F ig . 1.2.9) 
would be (WgCli2)Clg. This nomenclature has also been applied to 
non-cluster metal-metal bonded compounds (e .g . MoCl3 (Fig . 1.2.7) is  
(MoC12 )C18/2).
The following sections describe the structural chemistry by 
oxidation state :
Oxidation State VI
The v o la tile  liquids MFg (M = Mo and W) and crysta llin e  
solids MoClg, WXg (X = C l , Br) are the only known examples of the 
+6 state . In the so lid  s ta te , the structures show a high degree 
of polymorphism, but a ll contain a metal atom in an octahedral 
monomeric environment (17). The hexahalides being coordinatively 
saturated have no well established coordination chemistry, but often 
give complexes as part of the ir reduction products, e .g .,
MeCN
W C lg
T H F
— >  W C l 4 .2M eCN ( 1 8 )
( 1 9 )w d g /  W U L I j t l H r
Oxidation State V
Of the known pentahalides, NbXg (X = C l ,  Br, I) (20), TaXg (X = C l,  
Br, I ) ,  MoClg (21) and WXg (X = C l , Br) (22) are a ll isostructural 
consisting in  the so lid  state as MXg dimers, e .g . Fig. 1 .2 .2.
9.
Fig. 1.2.2 Crystal Structure of NbClg (20)
Distortion of the MXg octahedra occurs hy mutual repulsion of the 
two Nb atoms from their octahedral centres. Nblg (23) and VFg (24) 
are more highly associated forming in f in ite  halide bridged chains.
A ll of the pentahalides are v o la t ile , the gas phase structure being 
based on a monomeric trigonal hipyramidal unit (25).
Oxidation State IV
A wide range of structural chemistry is  presented by the +4 
state . I t  is  also the highest oxidation state in which metal-metal 
bonding is  of any significance. Titanium is  the only f ir s t  row element 
that forms thermally stable tetrahalides. TiCl^ i s  a colourless fuming 
liq u id , with a monomeric tetrahedral structure, both in the gas phase 
(26) and in solution (27) although Raman studies of the neat liquid  
indicate some association via chloride bridges (28). A monomeric 
structure was also found for the low melting point so lids TiBr^ (29, 30) 
and T i I 4 (30); the X-ray crystal structures show the la ttice  to 
consist of discrete TiX^ units. VCl^ is  a brown fuming liquid which
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slowly disproportionates to VCl^ and C l2 at room temperature and 
rapidly on heating in vacuo (31). As with T iC l4 a monomeric 
tetrahedral configuration is  adopted in both solution and the gas 
phase, but here distortion occurs due to Jahn-Teller effects (32). 
VBr4 is  unstable, decomposing above -45°C while CrCl4 has only been 
observed as a constituent of high temperature gas phase e q u ilib ria , 
and is  unknown in the condensed phase.
The second and third row halides c ry s ta llis e  in only two basic 
structural types. ZrC14 , ZrBr4 , HfCl4 and HfBr4 are isomorphous, 
the structure being typified by ZrCl4 (F ig . 1.2.3) (33, 34).
Here, octahedrally coordinated Zr atoms each share two edges with 
adjacent octahedra via chloride bridges to form an in fin ite  one-dimensional 
'zig-zag' polymer. Variations in the bond lengths of the Zr-Cl bridges
O C l
Fig . 1.2.3 Crystal Structure of ZrCl4
between alternate octahedra are caused by distortions from ideal 
octahedral geometry rather than metal-metal bonding, which was 
eliminated on the basis of a value for the shortest Zr-Zr 
interatomic distance of 3.962 8 .
C rysta lline ZrF^ and HfF  ^ have structures based on eight 
coordinate Zr or Hf. Each square antiprism atically coordinated 
Zr (Hf) is  linked to neighbouring anti prisms through a ll eight 
vertices to form a three-dimensional so lid  (35).
In the gas phase, electron diffraction studies reveal the MX^
(M = Zr, Hf; X = F , C l ,  Br, I )  polymers dissociate to give regular 
tetrahedral species as with the TiX4 series (36-38).
The second structural type (Fig . 1.2.4) accounts fo r the solid  
phase chemistry of a-MoCl^, MoBr ,^ MX^  (M = Nb, Ta, W; X = C l , Br) 
a ll of which are isostructural (7, 39).
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•N b OCl
Fig. 1.2.4 Structure of NhCl  ^ (37)
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NbCl^  consists of edge sharing octahedra forming an in f in ite  chain, 
the Nb being displaced towards each other in alternate octahedra 
forming d istin ct Nb-Nb p a irs , i .e .  metal-metal bonding. Nbl^ (40) 
is  structura lly  related, but alternate Nb-Nb distances of 3.31 and
MoCl  ^ has also been obtained in a second 8 form (41). This was
found to be related to a - T iC lj ,  having the same basic la t t ic e , but
with only three-quarters of the metal s ites occupied. The Mo atoms
are located in s t a t is t ic a lly  disordered 'domains'. In each domain,
half the metal sites are vacant in alternate layers to give
2+ 2-alternating sheets composed of (Mo2Clg) and MoClg units. There 
is  no evidence for any metal-metal bonding in the 8 modification.
Oxidation State I I I
In the +3 state a l l  the early t-metals except vanadium and 
chromium exhibit metal-metal bonding in one or more modifications.
T iC l3 has four m odifications, a ll of which have been studied by 
Natta and coworkers (Fig. 1 .2 .5) (42).
4.36 8 were considered long, and the metal-metal interaction , therefore, 
weak.
(b)
o Tt
Cl
Fig. 1.2.5 Structural units of (a) e-T iC l, 
and (b) a , y  and 6-T1Cl3 J
The mauve a , y and <5 forms are closely related forming layer 
la tt ic e s  in which each Ti atom is  octahedrally coordinated to s ix  Cl 
atoms. In the a form the chloride ions are hexagonally close 
packed, and in the y form cubically close packed. Prolonged 
grinding of either the a or r  forms results in fi-TiCl^ which has 
a disordered la tt ic e  consisting s t a t is t ic a lly  of 63% hexagonal close 
packing and 37% cubic close packing. The structure of the brown e 
metal-metal bonded form is  quite different. As with a-T iC l3 , the Cl 
atoms are hexagonally close packed, but the Ti atoms are arranged 
in  such a way that the structure can be considered as an in f in ite  
one-dimensional polymer formed by T iC lg octahedra sharing opposite 
faces. Although the Ti-C l bond lengths in a ll four modifications 
are identical (.2.45 - 2.46 J?), the T i-T i interatomic distance 
in the 6 form is  much shorter (2.91 X) than that found in the a , y 
and 5 forms (3.54 8 ) ,  equalling the T i-T i distance in m etallic  
t i taniurn.
TiBr3 ex ists in  both a and & forms, but T i l3 , ZrCl3 (43),
ZrBr3 (44), Z r l3 (45) and H fl3 (45) are known only in the metal-metal 
bonded B modification.
VC13 is  a mauve cry sta llin e  so lid  with an « -T iC l3 type structure. 
VBr3 forms continuous so lid  solutions with VC13 over the whole 
composition range, and i s ,  therefore, considered as isomorphous with 
VC13 (3 , 4 ). The isomorphous CrCl3 and CrBr3 structures (46) are 
made up of close packed halide sheets, with Cr atoms occupying two-thirds 
of the octahedral vacancies in every second layer to form repeating 
X/Cr/X 'sandwiches'.
w14.
Niobium and tantalum form no simple tr ih a lid es , MX3 g being 
only one constituent in a continuous phase between upper and lower 
lim its (e.g. for ‘NbClj*, NbCl2 g7 - NbClg 1 3 ). The lower lim it  
correspond to M3Xg, the structure of which is  known in the case of 
Nb3Clg (Fig. 1.2.6) (47, 48).
Fig. 1.2.6 Crystal Structure of NbgClg
The main feature of this structure is  a strongly metal-metal bonded 
Nb triangular cluster which occupies three out of four sites in a 
sheet composed of Cl octahedra. A niobium-niobium distance of 
2.81 8 was found which is shorter than the metal-metal distance in 
NbCl  ^ (3.06 8) or in the metal i t s e lf  (2.94 8) . Increasing the Nb:Cl 
ratio  results in  the disruption of the Nb3 clusters to form diamagnetic 
Nb2 units until an upper lim it of NbCl3 13 is  reached. Perhaps not 
surprising ly, there is  no evidence for any coordination compounds with 
any of the 'MX3' (M = Nb, Ta) se ries.
a-MoClj is  related to both Cr C l3 and CrBr3, the structure (^ 39) 
consisting of Mo atoms occupying two-thirds of the octahedral vacancies 
in a sheet of cubic close packed chloride ions. Metal-metal bonding 
between pairs of Mo atoms d istorts the M0C I3 octahedra, i .e .  Mo2C12C1q^2
Instead of forming sheets of octahedra by edge bridging (as in MoC13) ,  
MoBr3 (49) and MoI3 (49) consist of in f in ite  chains of MoXg octahedra 
sharing oppositve faces with the two adjacent un its, sim ilar to B-TiCl3. 
Metal-metal bonding between pairs of Mo atoms create Mo2Brg u n its, 
i . e .  (Mo2Br3 )Brg 2^ . as can be seen from the alternate short and long Mo-Mo 
bonds (Fig . 1 .2 .8).
(F ig . 1 .2 .7 ). Consequently there is  one short (2.77 8) and two long 
(3.71 8) Mo-Mo internuclear distances, as opposed to the three equal
Cr-Cr in te rn u c le a r  d is tances  in  C r C l ,  or CrBr-,.
F ig .  1 . 2 . 7  Schematic Representation o f  a Sheet o f  (MoCl? )C l
c
Octahedra Showing Short (— ) and Long (---- ) Mo-Mo Bonds.
®Mo
O Br
¿92 3 -U
Fig. 1.2.8 Crystal Structure of MoBr3
o-MoCl  ^ is  related to both Cr Cl^ and CrBr3, the structure (39) 
consisting of Mo atoms occupying two-thirds of the octahedral vacancies 
in a sheet of cubic close packed chloride ions. Metal-metal bonding 
between pairs of Mo atoms distorts the MoC13 octahedra, i .e .  Mo2C1 2C1 8^ 2 
(F ig . 1 .2 .7 ). Consequently there is  one short (2.77 8) and two long 
(3.71 8) Mo-Mo internuclear distances, as opposed to the three equal 
Cr-Cr in te rn u c le a r  d is tances  in  CrCl-, or C r B r , .*-> J
F ig .  1 . 2 . 7 Schematic Representation o f a jh e e t  o f (M o C ^ jC l^ ,  
Octahedra Showing Short (— •) and Long (---- ) Mo-Mo Bonds.
Instead of forming sheets of octahedra by edge bridging (as in MoC13) ,  
MoBr3 (49) and MoI3 (49) consist of in fin ite  chains of MoXg octahedra 
sharing oppositve faces with the two adjacent units, s im ilar to e-T iC l3. 
Metal-metal bonding between pairs of Mo atoms create Mo2Brg un its, 
i . e .  (Mo2Br3 )Brg^2» as can be seen from the alternate short and long Mo-Mo 
bonds (F ig . 1 .2.8).
Fig. 1 .2.8 Crystal Structure of MoBr3
<I <)1
WCIg (50) and WBrg (51) are both cluster compounds. The trich loride  
(F ig . 1.2.9) contains a Wg metal bonded octahedral core with twelve- 
edge bridging Cl atoms and s ix  terminal Cl atoms, i . e .  (WgC 1 -|2)C1 6*
Fig. 1.2.9 Structure of WClg (50)
'WBr3 l (51) is  based on a (WgBrg)6+ octahedral core with two bridgingO C ,  n
polybromide (Br4 ) groups per c lu ste r , i .e .  (WgBrg) (Br4 )4 ,^2Br2*
WIg is  isomorphous with MoBrg and MoIg. The stable cluster structures 
of WXg (X = C l, Br) prevents the d irect formation of coordination 
complexes, although reduction of complexes of the higher halides does 
provide a synthetic route to W (III) adducts (52).
Oxidation State II
The structures of the dihalides of titanium and vanadium a l l  belong 
to the cadmium diiodide type (Fig. 1.2.10) (1, 3).
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Fig . 1.2.10 The Cadmium Diiodide Structure
Sheets of close packed halide ions form planes with the metal atoms 
f i l l in g  the octahedral s ite s  between alternate pairs of layers.
The dihalides of chromium (F, C l ,  Br, I) are related to a Rutile 
structure (3). At a f i r s t  approximation the structure can be considered 
as four chromium atoms occupying octahedral vacancies between close 
packed halide sheets. Considerable distortion of the CrXg octahedra 
occurs, however, as a consequence of the Jahn-Teller e ffect, producing 
four short equitorial and two long axial Cr-X bonds (Fig . 1 .2 .11).
L it t le  was known of the structural chemistry of the Zr and Hf 
dihalides until very recently, when Corbett and coworkers (16) 
succeeded in iso lating  pure samples of ZrCl2 and the closely related  
non-stoichiometric Zr-j QgC l2. Both these compounds are based on a 
complex slab -like  structure (16).
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O  O cr
Fig. 1.2.11 Unit Cell of CrCl2 Showing Short (2.39 8) and 
Long (2.93 8) Cr-Cl Bonds (53)
Z r l2 provides the sole example of a neutral Group IVA c lu ster, the 
structure being based on an I bridged trigonal antiprism (ZrgI 12) (54).
Niobium and tantalum form no true d ihalides, instead giving a 
series of clusters based on (M6X3)3+, (MgX12)2+, (MgX12)3+ and (MgX12)4+ 
with average metal oxidation states of 1.83, 2.33, 2.50 and 2.67 
respectively. The chemistry of these compounds is  extensive, and has 
been summarised (3, 6).
MX2 (M = M o , W; X = C l,  Br, I) are isomorphous. Structurally they 
are related to WC13 (Fig . 1 .2 .8 ), but with four meridinal centrifugal 
halide atoms bridging to four adjacent clusters to form sheets, i .e .  
(M6X8 X^4/ 2X2 (39)- 4s W1th the niob'*un' and tantalum clusters, oxidation 
yields a variety of cluster based compounds, depending on the conditions, 
e.g. (WgBrg)Br^2Br2 + Br2 -*• °~WgBr-|g, 6-WgBr-jg, WgBr.jg, WgBr-j^  and 
W6Br12 (3).
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Rather surprising ly, the molybdenum and tungsten dihalides also have 
a coordination chemistry, which is  discussed in Chapter 2.
Oxidation State I
ZrCl and HfCl appear to be the only monohalides known. The 
crystal structure (55) of ZrCl (F ig . 1.2.12) and that of the isomorphous 
HfCl show some rather remarkable features, including a Zr-Zr interatomic 
distance (3.09 ft) which is  considerably less than that in the twelve 
coordinate metal (3.19 ft).
The unique four layer structure (here presented as a projection on the 
001 plane) consists of Cl-Zr-Zr-Cl stacked sheets, with each Zr atom
The monohalides have no known coordination chemistry, as might be 
expected from such a highly metal-metal bonded structure.
O  Zr below olane
Zr above plane
Fig. 1.2.12 Crystal Structure of ZrCl
having s ix  in phase Zr neighbours (at 3.42 ft), three Zr neighbours in 
the sheet below (at 3.09 ft) and three Cl neighbours in the sheet above 
(at 2.63 ft).
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1.3 Coordination Chemistry of the Early T-Metals
The complex chemistry of the transition metal halides has long 
been a subject of in terest. In p articu lar, the non-aqueous chemistry 
of the anhydrous metal halides has recently received much attention.
There are two inherent problems associated with this area of chemistry,
(a) the production of pure samples of the anhydrous metal halides, and
(b) handling such materials once prepared, as most are easily  hydrolysed 
by moist a ir  to oxo and hydroxo species.
Coordination compounds are usually prepared by one of two basic  
methods. Complexes of monomeric or weakly associated species, e.g . NbClg, 
are readily obtained by simply mixing the reactants in a suitable 
non-coordinating solvent, or by dissolving the metal halide in excess 
ligand, the ligand here acting as solvent. With more highly polymerised 
metal halides, ligand substitution reactions provide an alternative  
synthetic route, e.g .
MeCN, THF, py 3L
MX3 (M = T i , V, C r ) -------------------- >MX3 .3 S ------------- >  MX3 .3L
\  NMe3 l
\ ---------------------------- > MX3 .2NMe3-----------»MX-J.3L
1.3.1 Hard and soft acids and bases
In the terminology of G. N. Lewis, complexation can be thought of 
as an acid-base reaction. Metal ions are examples of Lewis acids, and 
considering the vast amount of potential donor-acceptor complexes, i t  
would be advantageous to have a qu alitative idea of the sta b ility  or 
v ia b ility  of a projected adduct. An attempt at such a prediction can 
be made using the principle of hard and soft acids and bases (HSAB). 
Sidgwick (56) and la te r  Ahrland, Chatt and Davies (57) differentiated  
between those species which preferred to form complexes with f i r s t  row
Ml
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p block bases (N, 0 , F) which they called c lass A, and those species 
preferring to complex to second and third row donors (P, S , As, Se), 
called Class B. Pearson (58, 59) extended th is  idea, c lassify in g  bases 
in which the donor atom is  at high electronegativity, low p o la riz a b ility ,  
and hard to oxidise as 'hard' (Class A) bases, and those of low 
electronegatively, high p o larizab ility  and e a s ily  oxidised as 'so ft' 
(Class B) (Table 1 .3 .1 ).
HARD SOFT BORDERLINE
h2o , oh" ,  ro" ,  r2o r2s , rsh , rs" CgHgNHg, CgHgN
ROH, P043" ,  S042" SCN", R3P, R3As N3' ,  B r ', N02" , N2
C l ' ,  F" I ' ,  CO, (R0)3p
nh3 rnh2, n2h4 c 2h4, h"
Table 1.3.1 C la ss if ica tio n  of Bases
Lewis acids were likewise categorised by th e ir  a ff in ity  for e ither  
hard or so ft bases (Table 1 .3 .2).
HARD SOFT BORDERLINE
H+, L i+, Na+, K+ Cu+, Ag+, Au+ Fe2+, C o " ,  N i" ,  Cu2+
Cr3+, Co3+, Fe3+, As3* Pd2+, Cd2+, Pt2+ Pb2+, Sn2+ Sb3+, B i3+
S i4+, Sn4+, T i4+, Zr4+, Hf4* T l3+, BH3 , GaCl3 Rh3+, BMe3, S02
W04+, V02+, Mo 03+ InCl3 , Brg GaH3
BeMe2, BF3 , B(0R)3
AlMe3, A1C13 , A1H3
Table 1.3.2 C lassificatio n  of Lewis Acids
The character of an acid or base can be modified by changing the oxidation 
state . Thus Ni(0) is  a soft acid , N i( II)  borderline, and Ni(IV) hard. 
Addition of soft ligands has the effect of softening the acceptor atom, 
so that whereas BF3 is  a typical hard Lewis a c id , BH3 (B2Hg) is  so ft.
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Having established the nature of both Lewis acids and Lewis bases, 
the sta b ility  of an acid-base complex can be described by the rule 
'Hard acids prefer to bind to hard bases, and soft acids prefer to bind to 
soft bases'. This is  a to ta lly  empirical correlation.
Inspection of Table 1.3.2 reveals that the early t-m etals, where 
present, are a ll hard, and the preference for donor atoms should thus 
be in the order:-
N » P > As > Sb
0 » S > Se > Te
F > Cl > Br > I
L it t le  quantitative evidence ex ists to substantiate the expected trend, 
but i t  is  a general observation that the number of known complexes with 
0 and N donor atoms fa r  outweighs those with soft donors. Chung and 
Westland (60) have, however, obtained thermochemical data for the 
reaction of THF and THT with some Group IV tetrahalides, which does 
illu s tra te  the HSAB princip le as in Table 1 .3 .3 .
COMPLEX -AH (KJ mol-1)
ZrCl4 .2THF 140.5 ± 2.0
ZrCl4 .2THT 124.6 ± 3.8
ZrBr4 .2THF 151.3 ± 1.7
ZrBr4 .2THT 36.4 ± 1.7
HfC14 . 2THF 144.6 ± 0.8
HfCl4 .2THT 138.3 ± 0.8
Table 1 .3 .3  Heats of Formation of MX4 + 2L -*■ MX .^2L 
in Standard States
For HfCl4 , the small difference in enthalpy between the reaction between 
THF and THT was seen in terms of Hf possessing more B (soft) character 
than Zr.
*>«>1
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Several workers have attempted to explain the HSAB phenomenon, 
the ir-bonding theory of Chatt (61) being particu larly  appropriate 
for metal ions. Here, the important feature of soft acids was the 
presence of loosely held outer d-electrons, which can form ir-bonds 
with a ligand by donation into empty d-orbitals on soft bases such as 
P, S etc. Hard acids have tig htly  held outer electrons but empty d 
o rb ita ls , which again, can form ir-bonds by accepting electron density 
from a hard donor atom. A hard base/soft acid interaction would be 
disfavoured by the repulsion between the f ille d  orbitals on both 
metal and ligand.
Care should be taken in applying the HSAB principle too s t r ic t ly ,  
as the predicted and experimental behaviour of a complex do not always 
coincide. For example, the complex T iC l4. 2 thioxan (thioxan = S(CH2)40) 
i s  S bonded rather than the 0 bonded isomer expected from HSAB (62).
1 .3 .2  Geometry of coordination complexes
The following section is intended as a b rief introduction to the 
types of geometry encountered in th is area of chemistry, with (where 
possible) verified examples of each c lass.
Low coordination numbers (<5)
There are no true three coordinate halide species, although a 
number of compounds of f i r s t  row elements of the type MR3 (R = NR2',
I
SiMe3, CH(SiMe3)2, SR , e tc .) have been isolated via halide substitution  
reactions.
Four coordination is  very rare , the VX4" (X = C l, Br) ions observed 
by Clark (63), and the distorted tetrahedral CrX2 .2Ph3P0 (X = Br, I)
complexes prepared by Scaife (64) being amongst the few known examples.
5 coordination
Penta-coordinate complexes appear to be restricte d  to f i r s t  row 
elements, possibly due to the increased size  (and thus a b ility  to attain  
higher coordination numbers) of the second and third row metals. A 
common factor in a ll of these complexes is  the presence of a bulky ligand, 
such as NR3, PRg, SR£, etc. Antler and Laubengayer (65) isolated the 
f i r s t  5 coordinate complexes in 1955 by the reaction o f T iC l4 with 
NMe3, giving TiCl^.NMe^ or T iC l3 .2NMe3 depending on the reaction 
conditions. Fowles and coworkers (66-69) extended the trimethyl amine 
series in both the +4 (TiBr4 .NMe3 (67 ), VX4 .NMe3 (66) ) and +3 (TiBr3 .2NMe3 
(67), HCl3 . 2NMe3, M = V (66) ,  Cr (68) ) states. These complexes are 
discussed in greater detail in Chapter 2. Further work by a number of 
groups has since produced 5 coordinate adducts with a variety of 
nitrogen (66, 70), phosphorus (71), arsenic (62), oxygen (72, 73) and 
sulphur (68, 70) donors.
Spectroscopic (74, 75) and crystallographic (69, 76-78) studies 
have confirmed a trigonal bipyramidal (D3h or C3V) structure in a 
number of instances, the ligand(s) occupying an axial position in 
each case. S te ric  compression prevents the occupation of adjacent 
s it e s ,  i .e .  1 axial + 1 equatorial or 2 equatorial, eliminating the 
p o ssib ility  of geometric isomerism. The tendency to dimerise in the 
so lid  state forming 6 coordinate species has also been noted (68 , 70).
5 coordinate species have been reviewed (79-81). 6
6 coordination
One of the dominant factors 1n early transition  metal chemistry 
appears to be the tendency of metal ions to form octahedral or pseudo-
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octahedral 6 coordinate species. Consequently this is  the most common 
geometry, adopted by the large majority of early t-metal complexes. 
Examples can be found for a l l  the early t-metals in a variety of 
oxidation states and stoichiom etries.
For an adduct at general formula MXy L2, when x + y = 6 an octahedral 
environment is  obtained simply by the ligands occupying vacant s ite s  on 
the metal ion, e.g . MXg.L (82), MX4 .I_2 ( 83 , 84), MX3L3 (85) and 
MX2L4 ( 86). Complexes which are coordinatively unsaturated as monomers, 
i . e .  x + y < 6 , can achieve 6 coordination by halogen bridging, e.g . 
(MC14 .L )2, M = T i ,  L = P0C13 (87), MeN02 ( 88) ,  EtOAc (89), M = W,
L = C I3CCN (90), (MX4)2L (9 1 ), (MX3L2) 2 (68, 70), (MX2L2)x (92).
Oct #n O p  00
Fig. 1.3.1 Crystal Structures of T iC l4 . 2POCI3 (83) and (T iC l4 .P0Cl3 )2 (87)
When the number of ligands in a simple complex is  two or more, 
geometrical Isomerism can occur, e.g. c is T iC l4 .2P0Cl3 (83) and trans 
WCl4 .2py (84). In certain favourable instances, e.g. with the Inert  
Cr3+ ion both isomers can be iso lated, i .e .  fac and mer CrCl3 .3L,
OOl
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L = NH3 (9 3 ), THT (94), dien (95).
7 coordination
Theoretical aspects of 7 coordination have been examined by 
Kepert (3 ). A number of 7 coordinate adducts have been isolated with 
the polydentate arsine ligands o-phenylenebis(dim ethylarsine)(diars), 
methylbis(o-dimethyarsinophenyl)arsine(o-TAS) and t r is - 1 ,1 ,l-(dim ethyl- 
arsino methyl)ethane(v-TAS),
r^ ^ Ix A s M e 2
diars
AsMe2 AsMe2/ AsMe AsMe2
o-TAS
^CH 2AsMe2
Me—C—CH 2 As M e2 v-TAS
^  C H 2 As M e2
Clark and coworkers have prepared the 1:1 adducts MXg.diars (M = Nb, Ta,
X = C l, Br (96); M = W, X = Cl (97), MC14(o-TAS) and MC14 (v-TAS) (M = T i , V) 
(98). These are diamagnetic and non-conducting. Equivalent AsMe signals 
in the NMR spectra were taken as evidence of 7 coordination. The 
p o ssib ility  of a more common 6 coordinate structure with rapid exchange 
occurring in solution between free and coordinated donor s ite s  (which 
would give an identical resu lt to above) was, however, not discussed. 
Confirmatory X-ray, or variable temperature NMR studies on these 
species have yet to be carried out.
A number of potential 7 coordinate trimethyl amine adducts have been 
isolated (WClg.NMe3 (99), MCl5 .2NMe3 (M = Nb (100), Ta (101), Mo (102) ) 
WCl4.3NMe3 (97) ) ,  but here the well established reducing properties of
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diars
^CH 2 AsMe2
Me—C—CH 2 As M e2 v-TAS
^  C H 2 As M g2
in the H NMR spectra were taken as evidence of 7 coordination. The
Confirmatory X-ray, or variable temperature H NMR studies on these 
species have yet to be carried out.
A number of potential 7 coordinate t r i methyl amine adducts have been 
isolated (WClg.NMe3 (99), MCl5 .2NMe3 (M = Nb (.100), Ta (101), Mo (102) ) 
WCl4.3NMe3 (97) ) ,  but here the well established reducing properties of
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T r imethyl amine (see Chapter 2) combined with the fa c ile  reduction undergone 
by many of the higher metal halides (2, 3) suggests a mixture of oxidation 
and reduction products to be a more appropriate formulation.
8 coordination
Studies by C la rk , Nyholm, Lewis and coworkers with the bidentate 
ligand diars (o-CgH4(AsMe2)2) have now firm ly established the 8 coordinate 
state for the early  t-metals. Complexes of the type MX^.2diars (M = T i,
X = Br, M = Zr, H f, Nh, X = C l , Br, M = V, X = Cl (103-106) ) were 
isolated and shown to be isomorphous with TiCl^.2 d ia rs , the crystal 
structure of which is  known (Fig. 1.2.2) (103).
27.
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Fig . 1.3.2 Schematic Structure of TiCl^.2 diars
Although o-C6H4(PMe2)2 (107) and o-CgH4(As(CD3)2)2 (108) yielded 
sim ilar 8 coordinate complexes, o-CgH4(AsEt2)2 (109), o-CgH4(PEt2)2 (110) 
and o-CgH4(AsMe2)(NMe2) (108) gave only simple 1:1 6 coordinate adducts. 
Since the inductive properties of Et and CD3 are approximately equal (108), 
i t  was concluded that the a b ility  to give high coordination numbers lay
OOI
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in  the choice of donor atom, i .e .  As or P, but not N, and the s te r ic  
effects of the donor atom substituents (107-109).
1.4 Halides and Complexes of Groups IVB and VB
The halides of groups IVB and VB are, in general, weaker acceptors 
than the ir d-block counter parts. In p articu lar, the halides of 
carbon, nitrogen and phosphorus show v irtu a lly  no acceptor character at 
a l l ,  and consequently are omitted from the text.
The tetrahalides of Group IVB are either monomeric liquids (MC14,
M = S i, Ge, Sn, Pb, S iBr4) or molecular solids (MBr4 , M = Ge, Sn, MI4,
M *  S i ,  Ge, Sn) (111). PbX4 (X = Br, I) are unknown (111). In the +2 
state  the halides are more highly polymerised. SnX2(X = C l, Br, I )  and 
PbX2(X = C l, Br) form layer la tt ice s  in  which the metal atom can be 
considered as being 9 coordinate (111). GeX2(X = C l,  Br, I) (111) are 
of unknown structure and SiX2(X = C l, Br) have only been observed in 
discharge experiments (.1 1 2 ).
The acceptor properties of the IVB halides increase on descending the 
group. The a b ility  to form donor complexes is  roughly in the order:-
Sn > Ge > Si »  C
The Group IVB tetrahalides form both 1:1 and 1:2 adducts, the la tte r  
being more prevalent with the lower members of the group (113). Whereas,
S iC 14 forms mainly weakly bonded 5 coordinate 1:1 species, the complex 
chemistry of SnX4 tends towards octahedral 1:2 adducts (113), and in many 
ways p ara lle ls that of the tetrahalides of the Ti subgroup. As with the 
early  t-m etals, SnX4-2L adducts can e x is t  as either ci£  (L = MeCN (114), 
Me2S0, P0C13 (115), SeOCl2 (.116) ) or trans (L = PEt3 (117) ) isomers (118)
ie
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S n (II)  and Pb(II) form a number of 1:1 and 1:2 complexes with a 
variety of donors, although l i t t l e  is  known of the complex geometry ( 1 1 1 ) . 
PbCl2 .2thiourea has been shown to contain 7 coordinate Pb (119).
For the Group VB halides the maximum possible oxidation state (+5) 
is  only realised in the pentahalides SbFg, SbClg and AsF5 (120). AsClg 
has no independent existence although some complexes have been isolated  
(121). A ll of the triha lid es are known (M = As, Sb, B i , X = F , C l, Br, I ) ,  
either as liquids (AsC13) ,  or weakly associated solids (120, 122).
SbClg is  a powerful electron acceptor (123), and has been u tilised  
by Gutmann and Wychera as a reference acid in  constructing a series of 
re la tiv e  ligand donor strengths (124). For the reaction:-
CH?C1o
SbClg + L ------ — — >  SbClgL
donor number (DN) = -AH(k cal mol-1 )
Some typical values are given in Table 1 .4 .1 .
LIGAND DN LIGAND DN
C6H6 0.1 Et20 19.2
MeN02 2.7 THF 20.0
po ci3 11.7 Me3P0 23.0
MeCN 14.1 py 33.1
Me2C0 17.0 HMPA 38.8
Table 1.4.1 Donor Numbers of Some Selected Ligands
In the tervalent state , AsX3 forms 1:1 and SbX3 both 1:1 and 1:2 
complexes (120). The existence of PX3 adducts has been demonstrated at 
low temperatures (125). The stereochemistry of these adducts is  
complicated by the presence of a lone p a ir, which may (115, 126 -128), or
OOI
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may not (130, 131) be stereochemically s ig n ifican t. In the majority of 
cases however (129, 130), the lone pair has been found to be space 
f i l l in g ,  giving trigonal bipyramidal (AsCl3 .NMe3 (126), SbCl3 .PhNH2 (127), 
Fig. 1.4a) or square based pyramidal (SbCl3 .2L, L = PhNH2 (127),
Ph3As0 (115), 2SbCl3 .(l-4 -d ith iane) ) (128), (Fig . 1.4b) geometries 
depending on the stoichiometry.
L X
Fig. 1.4 Usual Geometries of Group VB Halide Adducts
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CHAPTER 2
2.1 INTRODUCTION
Of the multitude of donor molecules that have been used as ligands 
towards transition  metal halides, trimethyl amine (N,N-dimethylmethaneamine) 
emerges as one of the most interesting , giving a wide range of both 
donor complexes, and chemical behaviour. Trimethyl amine is  a colourless 
gas at room temperature (b.p. 276.OK at 760 mm Hg) with a ch aracteristic  
odour of decomposing fish  (131). Consequently, a ll manipulations 
involving liquid NMe3 have to be performed either at low temperatures, 
or under reduced pressure, the glass double ampoule bomb developed by Fowles 
and coworkers being particu larly  suited to this task (Appendix B).
The formation and chemistry of NMe3 complexes is  essen tia lly  
governed by three factors:-
(a) Trimethyl amine is  a strong Lewis base, and acts as an electron 
donor towards a variety of metal, metalloidal and non-metal halides. A 
representative selection of the complexes formed includes: BX3 .NMe3 (X = C l,  
Br, I) (132); AlX3 .NMe3 (X = C l,  B r, I)  (133); M(C0)5 .NMe3 (M = Mo, W)
(134); Se03 .NMe3 (135); SigHg, S i3Hg.NMe3 (136); SnXg.NMe-j, SnX2 -2NMe3 
(H = F , C l ,  Br, I) (137) and MCl3 .2NMe3 (M = T i , V, Cr) (77, 76, 69). Of 
particular interest are the Group IV halides SnX4 (X = C l, Br, I ) ,  S iF4 ,
GeX4 (X = C l ,  Br) (113) and ZrCl4 (138), which give complexes of both 1:1 
and 1:2 stoichiometry. The stereochemistry of the 1:1 complexes is  
generally based on the trigonal bipyramid (C3y) ,  while that of the 1:2 
complexes i s  octahedral in nature (74). TiX4 (X = C l , Br) gives only 1 : 1  
adducts, reduction accompanying the addition of a second mole of trimethyl amine.
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With polychlorosilanes disproportionation rather than complexation 
occurs (139).
NMe3
SigClg ---------------- >Si5C112’ S l6C114’ S i3C18
(b) The stereochemistry of NMe3 complexes is  dominated by the bulk of 
the ligand. Thus for 6 coordinate species there is  a tendency to give 
trans geometries, e.g . trans SnI4 .2NMe3 (140), trans ZrX .^2NMe (X * C l ,  Br) 
(141). A more v ivid  example of the 'bulk'' influences of NMe3 is  given by 
the complexes with MX3 (M = T i ,  V, C r, X = C l , B r). Here the effect of 
s te r ic  crowding overrides the electronic preferences of the metal ion, 
to produce the 5 coordinate MX3 >2NMe3 adducts. In the solid  sta te , the 
complexes assume a monomeric, approximately (D3h) syirmetry, e.g . F ig .2 .1 .1 .
O c i
•  N
O C
Fig. 2.1.1 X-ray Crystal Structure of CrCl3 .2NMe3 (69, 78)
Deviations from an ideal D3h configuration are ascribed to Jahn-Teller 
distortion for TiBr3 .2NMe3 (77, 78) and CrCl3 .2NMe3 (69), and in the case 
of VCl3 <2NMe3 (for which Jahn-Teller distortion should not occur) to 
crystal packing forces (76).
A general in sta b ility  of these adducts was found in a ll solvents except 
NMe3, decomposition occurring to give complexes of stoichiometry
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M2Clg (NMe3)3 (1421. The confactal bioctahedral structure proposed for 
these species enables the metal ion to revert to the pseudo-octahedral 
configuration they invariab ly adopt with sm aller, less bulky ligands 
(e .g . MX3 .3RCN, MX3 .3THF). The rates of decomposition for the MCl3 -2NMe3 
(M = T i ,  V, Cr) se ries have been measured in CgHg solution at 298 K (142) 
and were found to vary in the order Cr > V > T i. Decomposition of 
CrC l3 .2NMe3 is  also noticeable in the so lid  phase, giving (CrCl3 )2 (NMe3 )3 
over a period of several months.
In addition to producing coordtnative unsaturation, the s te r ic  
properties of NMe3 also give r ise  to a weakening of the metal ligand bond, 
making the MX3 .2NMe3 series useful intermediates for ligand exchange 
reactions. Use of such a synthetic route is  p articu larly  advantageous
O
in the preparation of inert Cr ( I I I )  ( * 2g 1 complexes. Whereas NMe3 
displacement reactions have already been used to synthetic advantage with  
the MCl3 .2NMe3 complexes (143), the ro le  of the octahedral MX4 .2NMe3 
adducts in a sim ilar capacity has yet to be established.
(c) Further to straightforward complexation, NMe3 can also act 
as a reducing agent. One of the best known examples features the reduction 
of MX^  (M = T i ,  V) in excess NMe3 to y ie ld  the tervalent MX3 .2NMe3 (M = T i , V) 
species (65, 66) . The analogous Zr (141) and Hf (144) tetrahalides under 
the same conditions y ie ld  only the simple 6 coordinate adducts MC14 .2NMo3. 
Synthesis of the MCl3 .2NMe3 (M = T i ,  Cr) complexes by d irect reaction of 
MC13 with liquid NMe3 also enta ils reduction, with formation of MCl2 .NMe3 
as a minor (1-2%) side reaction (145). Other examples are found in the 
reactions of NMe3 with MoClg, WClg (99) and CuCl2 (146) giving Mo ( IV ) ,
W (IV) and Cu ( I ) ,  respectively.
The identification of the trimethyl amine oxidation products has been 
the subject of considerable e ffo rt. Most workers agree that the reduction
process proceeds by a radical route. Kiesel and Schram have studied the 
VCl /^NMe  ^ system (147) and have isolated Me3N+HCl” as one of the oxidation 
products. This i s  generally accepted to arise  from the reaction of NMe3 
with the dimethylmethyleneammonium cation (Me2N = CH 2+) ,  which has been 
proposed as the in it ia l  oxidation product (147). Although not iso lated , 
evidence for the dimethyl methylene ammonium cation exists in the IR spectrum 
of the crude products, where a band in the 1678-1690 cm-  ^ region was 
identified as a v (C = N ) stretching mode. I t  has also been suggested 
that in addition to giving Me3NH+Cl~, reaction of Me2NCH2+Cl" with NMe3 
provides Me2NCH2NMe3+Cl~ and (Me2NCH)n as secondary products, although 
there appears to be some controversy over the existence of the former.
We have studied the reactions of NMe3 with a number of metal halides 
and oxyhalides. Reduction was found to occur in  several cases and the 
complex (MoCl2 .2NMe3)x provided a possible example of a low coordination 
number. Substitution reactions of some MCl4 .2NMe3 species were studied 
b rie fly ; octahedral adducts were found to be useful a lb e it limited 
intermediates in complex synthesis.
2.2 Reactions of HfX  ^ (X = Br, I)  and ZrCl^ with NMe3
Extraction of HfX4 (X = Br, I) with liquid NMe3 using the double ampoule 
technique yielded crysta ls  of white HfBr .^2NMe3, and of orange/yellow 
HfI4.2NMe3 respectively. I t  should be noted that commercial samples of the 
tetrahalides were found to be unsuitable, the products obtained being either 
insoluble in NMe3, or in the case of Hfl4 , badly contaminated with iodine. 
Attempts to produce analagous MeCN, pyridine or THF adducts either by d irect  
reaction with Hfl4 or via ligand substitution w ith HfI4.2NMe3 resulted  
in the elimination of molecular iodine and the formation of non-stoichiometric 
products. S im ilarly , HfBr4 produced poorly defined adducts with a l l  ligands 
except NMe3. L it t le  is  known of theconplex chemistry of HfBr4 and H fl4 
where, somewhat surprising ly , the trimethylamine adducts remain tile sole
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examples of 6 coordinate bromo and iodo species respectively.
The IR spectra of the complexes in the 4000-400 cm-1  region were 
sim ilar with bands at 1220-1230 cm“1, vas(CN); 970-980 cm“1, p (CH3) ;
800-805 cm-1 , v$(CN) and 520-530 cm'1, 5as(CN) confirming the presence of 
coordinated NMe^  (68). S ingle intense bands in the low IR at 307 cm-1  
(HfBr) and 165 cm“ 1 (Hfr) correlate with a trans (D4h) arrangement of 
ligands (149). Both complexes were found to be either insoluble or 
rapidly decompose in most common solvents. Su fficien t s ta b ility  however, 
was found in MeNOg solutions to observe sing le resonances in the 1H NMR 
spectra (90 MHz) due to equivalent NMe3 groups (5 = 2.70, X = Br, 6 *  2 .80, 
X = I)  before decomposition set in ( y  4 mins). A general feature of the 
MX^  (M = Zr, Hf, X = C l, Br)/NMe3 reactions was the production of 
varying amounts of a white amine-insoluble product (143). The IR spectra 
of these solids in the 4000-400 cm” 1 region differed only s lig h t ly  from 
those of the crysta llin e  amine-soluble fractio n s, but the metal-halogen 
stretching region showed a more complex situation than that found for the 
bis adducts, with poorly defined broad M-X bands. A polymeric model, in 
which only partial so lvo lysis  of the M-X bridges occurs is  proposed. The 
s lig h tly  high halide analyses obtained for these products would tend to 
support this view, (admittedly the inclusion of unreacted metal tetrahalide  
as part of the products would give a sim ilar re su lt) . The fact that 
Z r l4 and Hfl4 leave no such residues may be a reflection of weaker 
iodine bridging in the MI4 la t t ic e .
The observation that the reaction of ZrCl4 and gaseous NMe3 gave 
another product in addition to ZrCl4 .2NMe3, prompted an examination of 
some MX4(s) + NMe3 (g) systems. One p o ssib ility  was that such an approach 
would lead to the elusive M (III)  species. Whereas exposure of HfX^
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(X = C l , Br, I I  to NMe3 (g) at room temperature merely gave mixtures of 
HfX .^2NMe3 and unreacted metal halide, the reaction with ZrCl4 was 
highly exothermic, giving ZrC1 .^2NMe3 as the major NMe3 soluble product, 
(-'-60%), and a dark brown CgHg insoluble residue. Characterisation of 
th is  residue proved d if f ic u lt ,  but low IR evidence suggested that the 
product was ZrCl^.NMe-j (138), apparently formed by the thermal degradation 
of ZrC1 .^2NMe3 rather than any reduced species.
2.3 Reactions of NMe3 with CpgMClg (M = T i ,  Z r, Hf)
CpgTiClg dissolves in liquid NMe3 to give bright green crysta ls of 
(Cp2T i(III)C l)2 over a period of several months. Under the same conditions 
Cp2ZrCl2 and Cp2HfCl2 dissolved without reaction. This situation  
resembles the reaction of NMe3 with the corresponding tetrahalides, where 
T iC l4 readily gives T iC l3 .2NMe3 (65, 67), but ZrCl4 (141) and HfCl4 (144) 
only the M(IV) bis adducts.
No trace of coordinated NMe3 was found in any of the Cp2MCl2/NMe3 
systems studied. Reaction of Cp2MCl2 (M = T i , Zr) with MeCN, E t3N, py, 
THF and EtgO likewise fa iled  to give any evidence for adduct formation. 
For the Cp2MCl2 se r ie s , lack of acceptor behaviour can be interpreted in 
terms of the vacant coordination s ite s  on the metal being shielded by the 
large cyclopentadienyl groups. The iso lation  of adducts of Cp2TiCl with 
several amines and phosphines ( i .e .  Cp2T iC l.L ,  L = NH3 RNH2 py, Me2PPh, 
MePPh2 (150) ) weakens th is argument for the Cp2T i(III) species, and i t  has 
been suggested that the reticence of secondary and tertia ry  amines in 
general to give such complexes is  a reflection  of the electronic dictates 
of the metal rather than s te ric  factors (150). Previous preparative 
routes to (Cp2T iC l)2 have often featured Zn as the reducing species 
(e .g . Zn/Me2C0, Zn/THF, Zn (metal) (.151) ) . Addition of Zn dust to the 
Cp2T iC l2/NMe3 system notably accelerated the rate of formation of
(Cp2T lC l)2 giving crysta ls of the product as the sole amine soluble
fraction within a week. The exact role of the Zn metal, i .e .  either
as the primary reducing species, or as a cata lyst (c f . the CrCl^/NMe  ^ (68)
and ZrCl4/NMe3 (141) systems) could not be established. The ZnCl2
bridged dimer (Cp2Ti(ni)Cl )2ZnCl2 (151) constitutes a major fraction
of the products from the Zn reduction of Cp2T iC l2 in non-polar solvents such
as benzene (151). Although its  absence was confirmed in the product,
contamination from residual Zn prevented the establishment of
(Cp2T iC l)2ZnCl2 or a s im ila r species as a component of the amine-insoluble
fraction.
2.4 Reactions of NMe^  with some Group VB. Halides
Reaction of MX3 (M = As, Sb, X = Br, C l) and trimethylamine at 273 K 
in CgHg solution gives two series of products: the white MX3 .NMe3 
(M = As, Sb, X = C l, B) and the pale yellow SbX3 .2NMe3 (X = C l ,  Br) adducts. 
All are air-moisture sen sitive , ranging in extent from AsCl3 .NMe3 which 
fumes immediately in a ir  to SbBr3 .2NMe3 which decolourises only after  
a few hours exposure. Thermal s ta b ility  was of the order Sb > As and 
Br > C l , decomposition occurring at the melting point to give brown so lid s. 
Pyrolysis of SbCl3 .2NMe3 in vacuo at 359 K gave SbCl3 .NMe3 in low y ie ld  
( y  10%), but no such reaction was observed for the bromo analogue. No 
evidence could be found for the b is adducts AsX3 -2NMe3 (X = C l , B r). The 
existence of PCl3 .2NMe3 only at very low temperatures (125) suggests a 
general thermal in s ta b ility  of these b is adducts. Attempts to prepare 
AsCl3 .NMe3 by direct reaction of AsC13 and NMe3 in the absence of a 
solvent proved to be fa r from satisfacto ry , yielding a hard mass, whose 
NMR spectrum (CgDg solution) showed > 20 resonances in the NMe region. 
AsCl3 .NMe3 1s evidently present as a component of this mixture. (Somewhat 
surprisingly this method has been used to prepare samples of AsCl3 .NMe3 
for single crystal X-ray analysis (126) ). A reaction of th is type could
3also account for an early  report of the non-stoichiometric complexes 
AsCl3 (NMe3 )0 82 and SbCl^NMe^ ^ (153).
The products are soluble to varying extents in coordinating solvents 
(THF, MeCN), usually with some ligand exchange, although no pure 
substitution products were isolated. Decomposition occurred in chlorinated 
solvents after  ^ 25 minutes to give white insoluble so lids. Sim ilar 
products to these were obtained during the preparation of the adducts 
in CH2C12 solution. Solvent attack on the amine to give in it ia l ly  a 
quaternary ammonium s a lt  in a Menshutkin-type reaction is  proposed (154).
ch2c i 2
AsCl3 .NMe3 + CH2C12 ------------»[Me3NCH2Cl] + AsC14"
Evidence for a formulation of this type comes from the low IR spectrum, 
where bands at 345, 340, 330, 304 and 275 cm"^  correlate well with those 
found for the AsC14'  ion in (E t4N) + AsC14‘  (155) ( i .e .  352, 343, 329 
and 302 cm~ )^.
Proton and 3^C spectra (CDC13 or CH2C12 so ln s ., r e l . TMS) (Table 2.4.1)
show one sharp sin g let in a ll cases, confirming the equivalence of the
NMe3 groups in solution. There is  no obvious trend in chemical sh if ts  for 
1 13either the H or C spectra.
Complex 6(ppm) 13C 6(ppm)
AsCl3 .NMe3 2.42 46.21
AsBr3 -NMe3 2.51 47.18
SbCl3 .NMe3 2.47 46.73
SbBr3 .NMe3 2.50 -
SbCl3 .2NMe3 2.49 46.53
SbBr3 .2NMe3 2.51 47.83
Table 2.4.1 NMR Data for MX3 .NMe3 and MX3 .2NMe3
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Strong bands in IR spectra at 1247-1259 v a$(CN); 998-1004 cm 1 P(CH^)* 
794-803 cm“ 1 vs (CN) and 456-474 cm“ 1 $(NMe3) are associated with 
coordinated amine (6 8 ) . In the low IR region, intense bands at 387, 356 cm 
(AsCl3 .NMe3) ; 285, 205 cm“ 1 (AsBr3 .NMe3) ; 185 cm“ 1 (SbCl3 .NMe3) ;
180 cm" 1 (SbBr3 .Nme3) ;  195 cm“ 1 (SbCl3 .2NMe3) and 176 cm“ 1 (SbBr3 .2NMe3) are 
tentatively assigned to metal-halogen stretching modes. Structural 
assignment via the low IR spectra is  complicated in the case of Group VB 
adducts by the variety of geometries the complex can assume; these may 
or may not include a stereoactive lone pair.
F ig . 2.4.1 Proposed Geometries of AsBr3 .NMe3 and SbX3 .2NMe3 
(X = C l ,  Br).
Single crystal X-ray studies of AsCl3 .NMe3 (126) and SbCl3 .PhNH2 (127} 
and vibrational analyses of PX3 -NMe3 (X = Br, Cl) (125) have been 
interpreted in terms of a pseudo-trigonal bipyramidal structure (F ig ,2 .4 .la) 
in which the lone pair i s  active, and occupies an equatorial s ite .  A 
sim ilar situation is  proposed for AsBr3 .NMe3. By analogy with SbCl3 .2PhNH2 
(128), SbCl3 .2Ph3As0 (115) and ShCl3 .2NH3 (156), a pseudo-octahedral 
configuration (Fig . 2.4.1b) is  proposed for the bis adducts SbX3 .2NMe3 
(X = C l ,  B r), although a structure sim ilar to that found for AsCl3.bipy 
(where the lone pair is  inactive and octahedral coordination is  achieved 
by halogen bridging) (130) cannot be excluded.
In the case of SbX3 .NMe3 (X -  C l, B rJ, the close s im ila rity  in 
terms of the low IR spectra with the corresponding bis SbX^  adducts 
suggests a structure other than Fig. 2.4.1b. A pseudo square-based 
pyramidal structure (Fig. 2.4.21 "is proposed, in which the SbX3 unit is  
re-aligned to give a long range Sb....X interaction leading to weak 
halogen hridging.
Fig. 2.4.2 Proposed Structure of ShX3 .NMe3(X = C l, Br)
This type of secondary bonding to give loosely bonded dimeric molecules 
has been established for MXj.dimit in the so lid  phase. (M = As, Sb;
X = C l, Br; dimit =1 , 3  dimethyl-2(3H)imadozolethione (157, 158) ) .
An electron impact (70 eV) mass spectrum of AsCl3 .NMe3 gave a molecular 
ion at m/e = 239, confirming the mononuclear nature of the complex in 
the gas phase. Other prominent ions were found at m/e = 180 (AsC13+) 
and m/e = 145 (AsClg*).
2.5 NMe3 Complexes of some Halides and Oxyhalides of Molybdenum 
2.5.1 Reactions of NMe^  with MoCl  ^ and MoClyj
Extraction of a MoCl3/Zn dust mixture with NMe3 over a period of 
seven months gave MoCl2-2NMe3 as bright purple crysta ls . Preparations 
in which the Zn dust was omitted fa iled  to give any reaction even after 
several months, the MoC13 being recovered unchanged. Fowles and coworkers
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found a s im ila r  situation with the MoBr^ /NMe^  system (159) where no 
reaction was observed even after a year. MoCl  ^ also proved to be 
to ta lly  unreactive towards NMe3 over extended periods, both with and 
without the use of a Zn cata lyst. MoC1 .^2PrCN has successfu lly  been 
employed as a precursor to several MoCl  ^ complexes via ligand exchange 
reactions (160). When MoC1^ .2MeCN was treated with excess NMe ,^ however, 
no such reaction was observed, and workup of the products revealed only 
unchanged starting  m aterials.
The complex MoCl2 .2NMe3 proved to be highly air/moisture se n s itiv e , 
decomposition to a green so lid  occurring almost immediately on exposure 
to moist a ir .  Deep purple solutions were in it ia l ly  formed in a variety  
of donor and non-donor solvents, e.g . MeCN, CHClg, CgHg, but in a ll cases 
decomposition to brown/black so lids eventually occurred ( y  1 s MeCN, THF 
CHClj, CgHg, 2 weeks NMe3). Strong bands in the IR spectrum at 1236 
vas(CN), 986 p(.CH3) ,  819 vs (CN), 520 «as(CN) and 445 cm“ 1 6$(CN) are 
diagnostic of coordinated trimethyl amine (68). Low IR bands at 332 and 
297 cm- 1  are tentatively assigned as v(Mo-Cl) stretching modes.
Examples of discrete Mo(II) halo complexes are rare , the 6 coordinate 
MoX2 (d ia rs) 2 (X = C l,  Br, I) adducts being the sole examples (161, 162). 
In terestin g ly , a MoCl2/NMe3 species has already been isolated (163), but 
here the chemistry was based on a MogCl-|2 metal cluster (MogCl^2 .2NMe3) , 
the amine groups occupying the two vacant axial s ite s on the central Moc 
octahedral core.
Two possible structures for the novel MoCl2 .2NMe3 complex are 
presented in Fig. 2 .5 .1 . A structure such as (a ) , where the central 
metal atom i s  maintained in an octahedral environment by two dimensional
OOl
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hali.de bridging bas already been established for several CrXg.ZL species 
(L = py, DMSO) (92). The problem with a structure of th is type, however,
Fig. 2.5.1 Possible Structures for MoClg^NMe-j
is  that MoCl2 . 2NMe3 retains it s  d istin ctive  purple colouration in NMe^  
solution, a phenomenon which would be highly unusual for a polymeric 
la t t ic e , as in (a). A lternatively , a tetrahedral geometry as in (b) 
which is  well known for the later transition metals ( 1 ) and has been 
proposed for CrX2 .2Ph3P0 (X = Br, I)  (64) i s  possible. Two v(Mo-Cl) bands 
in the far IR region at 332, 297 cm- 1  (A-j + B-j) tend to support this 
assignment.
2 .5 .2  Reactions of MoOC13 and MoOCl^  with NMe3
MoOC13 and neat NMe3 reacted in a double ampoule bomb to in it ia l ly  
give a deep green solution and a pale brown so lid . The green solution 
was decanted, but over a period of several hours was observed to deposit 
a chocolate brown precip itate. Total extraction of the amine soluble 
products resulted in a mixture of deep green c ry sta ls , and a chocolate 
brown so lid , which defied a ll attempts at separation. A single extraction
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of MoOC13, however, afforded a small amount of uncontaminated green 
crysta ls analysing as MoOCl3 .2NMe3.
The product was highly a ir  se n s itiv e , and dissolved with decomposition 
in a range of donor so lvents, chlorocarbons and hydrocarbons to give 
deep brown solutions. Coordinated trimethyl amine was shown to be present 
in MoOCl3 .2NMe3 by strong bands in the IR spectrum at 1234 vflS(CN),
976 p(CH3} ,  816 vs CCN}, 534 Sa$(CN) and 433 s$(CN) cm“ 1 (68) . A strong 
band at 955 cm"1, assigned to a v(M o=0) stretching mode fa l ls  well 
within the range of values found for analogous compounds, i .e .  950 cm-1 
(MoOCl3 .PPh3) , 967 cm" 1 (MoOClj.2Ph3P0) (164). The low IR spectrum shows 
bands at 345, 324 and 255 cm" 1 which are tentatively assigned as octahedral 
Mo-Cl modes. Octahedral adducts of Mo0C13 can r e a l is t ic a l ly  ex ist in 
three isomeric forms, the structures of which are depicted in Fig. 2 .5 .2 .
C l\  °^ N M e 3
Mo.
c K  1 NMe3
o
f
o
c sIVIU.
Cl | NMe3 Me,N^ I s ,
Cl NMe3
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a) (Cg) b) (Cg) c) (C2V)
Fig . 2.5.2 Possible Structures of Mo0Cl3 >2NMe3
A simple group theoretical analysis of the possible structures shows 
that in each case three fundamental Mo-Cl stretching modes are expected 
( i .e .  (a) (Cs), 2A' + A'*;  (b) (C s), A' + 2 A " ; ( c l  (C2V), A1 + 2 B,)
making structural assignment on the basis of low IR data alone impossible. 
Evidence for a (b) type structure in the case of Mo0C13 .2HMPA comes from
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a s in g le  crystal X-ray study where a distorted mer geometry was found 
(165). tt  seems reasonable to assume that a sim ilar situation exists 
with MoOCl3 .2NMe3.
A pure sample of the chocolate brown precipitate was obtained 
by careful re-extraction of the amine soluble products with NMe3< 
Microanalysis showed the so lid  to have the same composition as the 
green crysta ls (MoOCl3 .2NMe3) , but although coordinated trimethylamine 
was again shown to be present (1234 cm- 1  vaC(CN), 821 cnT1 v.(CN ),
526 cm~^  SaS(CN) (68) ,  the 950-990 cm”  ^ region of the spectrum 
revealed the complexity of the product with four separate bands 
(p (CH3 ) + 3 x v(M o=0) ) . In addition bands found at 675 and 656 cm~^  
respectively which are absent In  the spectrum of the parent green 
MoOCl3 .2NMe3 are suggestive of v(Mo-O-Mo) asymmetric stretching modes, 
and thus a polymeric formulation (166, 167).
The amine insoluble product shows sim ilar trends both in  multiple 
bands in the 970-990 cm-  ^ region, and a weak band at 656 cm- 1 . High 
analytical values, both for NMe3 and Cl however, are more in lin e  with 
an io n ic  structure. Unfortunately, a general inso lub ility  in  a ll  
su itab le solvents precluded the measurement of confirmatory 
conductivity data.
Reaction of MoOCl^  with NMe3 was both slow and low y ie ld in g , 
providing only about 3% of orange-brown product after th irty  extractions 
with NMe3. Elemental microanalysis gave an empirical formula for the 
so lid  approximating to MoOCl.NMe3 , viz reduction Mo(VI) ■+■ M o (III). Redox 
under these conditions is  perhaps not too surprising considering both the 
reducing properties of NMe3 and the oxidising properties of MoOCl^  towards 
organic molecules (3, 4 ). Coordinated amine was again demonstrated to be
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present by LR bands at 822 cm* 1 v fC N ), 522 cm* 1 d e(CN) and 403 cm* 1s as
4S(CN). As with the polymeric brown MoOCl  ^ adducts, multiple bands 
were found in the 950-990 cm' 1 region. These are tentatively assigned 
as 978 cm 1 p(CH3) and 989, 968, 9.51 cm 1 v(M o=0) modes. Additional 
support for a polymeric structure lie s  with strong bands at 754, 655 
and 450 cm 1, which are again in line with an 0 bridged formulation 
(166, 167).
2.6 Reaction of NMe^  with Zirconium Trihalides
ZrCl3 and ZrBr3 in it ia l ly  reacted with liquid NMe3 to give a pale 
yellow solution and a dark brown solid  in  each case. Decanting the 
solution and back-d istillation  of NMe3 resulted in the formation of 
pale yellow solids which, on recry sta llisa tio n  from CgHg, yielded 
colourless crysta ls of trans ZrCl4 .2NMe3 and trans ZrBr4 .2NMe3, 
respective ly , as a minor product (y ie ld  ~5%). Microanalytical data 
obtained for several different samples of the amine insoluble residues, 
revealed the non-stoichiometric nature o f the products with between 1.6 
and 1.9 NMe3 molecules coordinated per ZrX3 unit. The addition of a 
small amount of Zn dust had no observable effect on the reaction.
Bands in the IR spectra of ZrX3 (NMe3)^  g at 1265-1270 vas(CN) .
982-985 p (CH3) ,  803-804 v$(CN) and 503-505 «as(CN) cm' 1 were taken as 
being diagnostic of coordinated trimethyl amine (68) . For the ZrCl3 adduct, 
a broad band in the 250-350 cm- 1  region was assigned to Zr-Cl stretching 
modes. A number of ZrX3 adducts with nitrogen donors have been isolated  
(168-172). In the majority of cases, these were found to be non-stoichiometric 
(e .g. ZrCl3 (2,4-lutidine).| 2_ j 3 ) (.168) or of an unusual stoichiometry 
(e .g. ZrCl3 .2(3 ,5-lutld ine) (168), ZrX3 .2py, ZrX3 .2.5MeCN, ZrX3 .1.5bipy 
(X ■= C l , Br, I )  (169, 170) ) . During the final stages of th is work, a 
report by Daake and Corbett indicated the non-stoichtometric nature of the
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parent ZrX3 halides (_15).* A situation is  proposed here in which incomplete 
solvolysis of the non-stoichiometric ZrX3 la tt ic e  takes place, to create 
polymeric PrXjJ^Qigandj^ units of varying composition. Those adducts 
which appear to have well defined proportions (e.g. ZrX3 .2L} can be 
considered as a sim ilar mixture of (ZrX3 )x(ligand)^ units which 
s ta t is t ic a lly  averages as the experimentally found stoichiometry. Low 
values for the room temperature magnetic moment of the py, MeCN, bipy (169, 
170} and lutid ine £168) adducts were seen in terms of a strong Z r - Z r  
interactions. Such a resu lt could be interpreted as being due to the 
residual Zr-Zr metal-metal bonding im plicit in the proposed formulation.
The presence of ZrX .^2NMe3 as part of the reaction products remains 
somewhat of a ir\ystery . A simple explanation is  that the ZrX3 starting  
materials were contaminated with unreacted tetrahalide. Rigorous 
attempts to remove such a contaminant by sublimation met with l i t t l e  
success, however, and elemental analysis fa iled  to show the presence 
of any Zr (IV) species. An alternative is  the generation of ZrX  ^ by 
disproportionation within the reaction mixture. Larson and Henzler (169) 
obtained a s im ilar result with the ZrCl3/3 ,5-lutid ine and 2,4-lutidine  
systems, ZrCl4 .2L being identified by the ir X-ray powder photographs.
As with the Z rC l3/lutid ine systems, no evidence was found for any reduced 
species.
2.7 Reaction of NMe^  with AuC13
AuC13 (Au2C16) in it ia l ly  dissolved in liquid NMe3 to give a pale 
brown solution. Precipitation of a pale yellow solid  occurred after a 
few minutes; th is  pale yellow so lid  turning brown over a three week period. 
The brown so lid  was identified as a mixture of m etallic gold and several 
organic products which defied a ll attempts at separation.
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Reduction of Au ( I I I )  to Au ( I )  has previously been observed for 
the AuCl^’ /XPhg (X = P, As, Sb) systems (173). In the majority of 
cases where NMe3 has been found to act as a reducing agent, a radical 
mechanism has been favoured (99, 145-147). A sim ilar approach is  
proposed in the present instance (F ig . 2 .7 .1). One of the features of 
this mechanism is  the 1:1 adduct AuClg.NMe .^ While no physical evidence 
exits for th is species, the iso lation  of sim ilar square planer AuX3.L 
adducts with ‘ hard* donors supports such an intermediate (173). Au (I)  
is  a much softer acid than Au (T it). and i t  is  therefore unlikely that 
any AuCl(NMe3)x type adducts would be formed. The observation that 
the yellow so lid  intermediate and AuCl are identical in colour suggests 
that the Au ( I )  species is  in fact uncoordinated (AuCl)x .
The mechanism also contains the two electron Au ( I I T )  Au ( I)  
reduction. Although stable Au ( IX) complexes have been isolated (173), 
they invariably feature polydentate sulphur ligands, and the existence 
of the sim ilar Au ( I I )  species in the present system i s ,  therefore, 
unlikely.
The composition of the organic oxidation products remains uncertain. 
IR spectra showed only broad bands in sim ilar positions to the parent 
NMe3, although a small broad band in the 1660-1700 cm-  ^ region could be 
assigned as v (C = N ) ( i .e .  from Me2N~CH2+Cl~) (147).
2.8 Ligand Exchange Reactions of NMe? Complexes
2.8.1 Substitution reactions of MCl^NMe-j (M = Zr, Hf)
Dropwise addition of a two-fold excess of THF to solutions of 
MC1^ .2NMe3 (M = Zr, Hf) in CgHg resulted in fa c ile  ligand substitution, 
and the precipitation of the bis THF adducts. For the white solids
AuC13 + NMe3
AuCl3*NMe3
Fig . 2.7.1 Reaction Scheme for AuC13 + NMe3 Au
MC1 .^2THF (M = Zr, Hf) (60), coordination of THF is  accompanied by a 
sh ift  to lower energies of the v COC (asynmetric) stretch (1045, 1015 cm’ 1,
M = Zr, 1043, 110 cm’ 1, M = Hf) found at 1070 cm” 1 in the free ligand 
(174). Single intense bands in the low IR spectra at 301 cm” 1 (N = Zr) 
and 270 cm” 1 (M = Hf) confirm a trans (D^h) configuration of ligands 
in each case.
Attempts to displace NMe3 from the bis amine adducts under 
sim ilar conditions with the sulphur (THT) or bidentate phosphorus 
(dpm) donors were unsuccessful. With MeCN and phen p artia l amine 
substitution occurred, the IR spectra of the products showing bands 
attributable to both coordinated NMe3 and ligand, The fa ilu re  to 
obtain either THT or dpm complexes can be rationalised in terms of 
the HSAB princip le (Section 1 .3 .1 ); the soft sulphur or phosphorus 
donors being incompatible with the hard Zr or Hf acceptor atoms.
Partial substitution by MeCN or phen cannot be due to differences in 
hard/soft character as both ligands and NMe3 are hard N donors. Here 
complex k inetic factors are considered to dominate the substitution  
process.
2.8.2 Complexes of MCI/] (M = T i ,  Zr, Hf) with tren and Megtren
Tri s( 2-ami noethyl )amine (tren) and tr i s( 2-dimethyl aminoethyl )amine 
(Megtren) are tripod shaped ligands with four potential donor atoms.
Interest in these ligands with the la ter t-metals has provided many 
5 coordinate complexes (175).
In the majority of cases a ll four nitrogen atoms are coordinated, 
often with the exclusion of a halide ion(s) from the coordination sphere, 
e.g. MBr(Megtren) Br, (M = Mn, Fe, Co, Ni, Cu, Zn) (175). On going
to the early t-metals sim ilar behaviour is  found with the trigonal
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bipyramidal (C r( II)  complexes Cr(Megtren)X+X~ (X = C l , Br, I)
prepared by Ciampolini (176). With the tervalent metal halides, tren 
was found to give both a neutral (M Clj.tren, M = T i ,  Cr) and an 
ionic (M(tren)2 +^3C1 ” , M = T i ,  Cr) series depending on the 
stoichiometry of the reaction (177). In both series of compounds only 
the terminal (primary) N donor atoms were believed to be coordinated. 
Megtren under the same conditions yielded only the neutral MCI3.Megtren 
(M = T i ,  Cr) adducts (178). An octahedral geometry for the metal ion 
was achieved in th is  case by donation through the central N atom 
and two terminal NMe2 groups, leaving the third 'arm' uncomplexed.
The reactions of Megtren with T iC l4 and MCl4 .2NMe3 (M -  Zr, Hf) 
provided the 1:1 adducts MCl^.Megtren as pea-green (M = T i) or white 
(M = Z r, Hf) so lid s. Limited so lu b ility  was found in CH2C12 and 
MeN02 solutions, with decomposition apparent after 2-3 minutes at 
room temperature. By reducing the temperature to 230 K, however, CH2C12 
solutions of the adducts were su ffic ie n tly  stable to record the ir  
NMR spectra. A single sharp resonance due to equivalent NMe2 
protons at 62.60 (M = T i ) ,  62.68 (M = Zr) and 62.70 (M = Hf) re fle ct  
a progressive sh if t  to low fie ld  (62.32 for NMe2 groups in free Megtren) 
commensurate with Me2N N bonding. Additional evidence for 
equivalent coordinated NMe2 groups comes from the IR spectra where 
bands associated with a free NMe2 group in the 2820-2760 cm-1  region, 
and in particu lar the NMe2 inversion mode at 2806 cm* 1 (179) are absent. 
Coordination of the central atom i s  indicated by the sh ift  to lower 
energy of the 796 cm-1 skeletal CH2 rocking mode in the ligand and 
(781 cm' 1 (M = T i ) ,  and 786 cm-1  (M = Zr), 785 cm-1 (M = Hf) which 
occurs on formation of a five membered fused chelate ring (180-182).
A f iv e  membered ring (a ll four N atoms coordinated) i s  favoured over 
an eight membered ring (only terminal N atoms coordinated) on
thermodynamic grounds (183). The complex m ultiplets in the NMR 
spectra of free Megtren at $2.55, 2.44 corresponding to the backbone 
CHg protons are observed at lower f ie ld  in the adduct spectra ($3.51, 
3.82 (M = T i ) ,  $3.51, 2.92 (M - Z r ) , $3.52, 2.97 (M = Hf) ) due to 
stra in  set up on ring formation. A 6 coordinate structure in  which 
a ll  four N atoms are coordinated is  proposed (Fig . 2.8.11.
Attempts to verify  the existence of the chloride counter ions 
by conductivity or halide precipitation studies were thwarted by the 
in sta b ility  of the adducts in solution. Evidence for the remaining 
covalently bonded Cl atoms was found in the low IR spectra, where two 
strong M-Cl bands at 387, 356 (M = Ti)» 372, 318 (M = Zr) and 327, 277 
(M = Hf) cm- 1  support the proposed octahedral C2v structure.
A sim ilar series of reactions under the same conditions with tren 
yielded pale brown (M = Ti) or white (M = Zr, Hf) complexes of 
approximate composition TiC1^.4tren, and MC1^.3tren (M = Zr, Hf). The 
complexity o f the products is  demonstrated in the 3320-3000 cm 1 region
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of the IR spectra where bands attributable to both free and coordinated 
NH2 groups are found. Metal-halide stretching vibrations are absent from 
the spectra of the adducts, suggesting either an ionic formulation 
as with the Megtren se r ie s , or that ami nolysis to give M-NH-linkages 
has taken place. The fa ilu re  of tren to give a sim ilar series of 
compounds to MCl^.Megtren is  perhaps due to the increased basic ity  
of primary over te rt ia ry  amine donor centres. Here indiscrim inate  
coordination by NH2 groups could lead to a k in e tica lly  controlled 
precipitation of non-stoichiometric and perhaps polymeric products.
2.9 Experimental
2.9.1 Reaction of H f ( X  = Br, I)  and Cp2MClg (M = T i ,  Zr, Hf) with NMe3
(a) HfBr/| .2NMe .^ Extraction of  ^ 3 g HfBr^ with NMe3 (,'<60 ml)
gave HfBr4 .2NMe3 (^10%) as colourless c ry s ta ls , and a white amine insoluble 
residue.
Analysis based on CgH^ QN2HfBr^
Calculated C(11.7) H(2.9) N(4.5) Br(51.9) %
Found C(11 .6) H(3.2) N(4.3) Br(52.1) %
Bands were found in the IR spectrum a t :-
3135(vs), 3023(m), 2990(.m), 2934(s), 2836(w), 2722(w), 1478(s),
1465(s), 1410(m), 1374(w), 1245(sh), 1228(m), 1103Cm), 970(vs),
803(vs), 720(m), 528(s) and 307(s) cm~\ respectively.
The amine insoluble fraction had a bromide content of 53.2%.
(b) Hf 1^  ,2NMe3. Extraction of Hfl4 with liquid NMe3 (-^ 60 ml) gave 
HfI^.2NMe3 as a yellow powder, or orange crysta ls  as the sole product.
Analysis based on CgH^ gN2HfI4
Calculated C(9.0) H(2.3) N(3.5) 1(63.1) %
Found C(9.0) H(2.4) N(3.6) 1(63.3) %
Bands were found in the IR spectrum a t :-
3115(vs), 3010(w), 2970(m), 2940(w), 2910(s), 2893(s), 2845(w),
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2721(v s ) , 1473(vs) ,  1460(vs), 1446(m), 1410(m),1402(w), 1247(m),
1215(w), 1096(m), 965(.s), 804(vs), 720(m), 527(m), 187(w) and
165(vs) cnT*, respectively.
(c ) Reaction of CpgTiClp with NMe^ . Cp2T iC l2 0  g) dissolved in 
liquid NMe3 to give over a period of five  months green cry sta ls  of 
(Cp2TiCl >2 (''-0.2 g) which gave an IR spectrum identical to an authentic 
sample.
Analysis calculated for C-|qHiqTiC l , Calculated Cl (16.6) %.
Found C l(16.5) %.
(d) CpgTiC^C^ g) was sealed in a double ampoule bomb with NMe3 
(~50 ml) and Zn dust (*0.1 g). After several hours the solution gradually 
became green, and extraction with NMe3 over a four week period yielded 
(Cp2T iC l)g as the only amine soluble product. The absence of Zn in the 
product was confirmed by a negative dithizone te st.
Analysis calculated for ci qHi QTiC l , Calculated C l(16.6) %,
Found C l(16.8) %.
2.9.2 Reactions of NMe3 with Group VB trih a lid es  
Preparation of complexes
In a typical reaction, gaseous trimethyl amine, calculated by volume 
on a closed section of the vacuum lin e  was d is t ille d  onto a frozen solution 
(77 K) of the appropriate metal halide contained in a sing le  ampoule glass 
bomb. On warming to 273 K, reaction occurred precip itating the product 
from solution, which was stirred  for several hours before iso lation .
(a) AsCl3 -NMe3. AsC13 (6.3 g, 34.7 mmol) and NMe3 (775 ml, 34.6 mmol) 
gave the white product which was purified by sublimation under high vacuum 
at room temperature. Yield 3.1 g (37%).
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Analysis Calculated for C-jHgNAsCl-j
Calculated C(15.0) H(3.7) N(5.8) C l(44.1) %
Found C(14.8) H(3.4) N(5.6) C l(44.0) %
The IR spectrum contained bands a t : -
3023(w), 2975(m), 2959(m), 2920(w), 2895(w), 2870(w,sh), 2850(m),
2820(w), 2785(w), 2710(s,br), 2515(m), 2460(m), 1473(sh), 1464(s), 
1446(sh), 1436(sh), 1406(m), 1248(s), 1150(w), 1093(m), 1052(w),
1002(m), 994(w), 982(s), 803(s), 750(s), 720(w), 546(s), 464(s),
387(s), 377(m), 356(s), 332(s), 302(w), 260(w), 207(s), 182(s) and 
135(w) cm”\  respectively.
A repeat experiment using a three-fold excess of NMe3 yielded an 
identical product.
(b) AsBr3 . N M e AsBr3 (4.3 g, 13.6 mmol) and NMe3 (30 ml, 13.6 mmol) 
gave AsBr-j.NMe3 as a white product. Small amounts of pure product could 
be obtained by sublimation in high vacuum. Yield 1.1 g (22%). M.p. (uncorr., 
decomp.) 360-361 K.
Analysis calculated for C3HgNAsBr3
Calculated C(9.6) H(2.4) N(3.7) Br(64.1) %
Found C(9.7) H(2.3) N(3.6) Br(64.1) %
The IR spectrum showed bands a t :-
3005(m), 2980(m), 29l0(.w), 2895(w,sh), 2865(m), 2830(w), 2795(w),
2730(s), 2503(m), 2456(m), 1473(sh), 1463(s), 1447(sh), 1434(sh),
1401(m), 1265(w), 1250(s), 1145(w), 1095(m), 1000(s), 993(vw), 980(w), 
795(s), 735(s), 725(w), 460(s), 387(w), 295(w), 285(m), 265(m),
225(m), 205( s ) , 175(m), 130(m) and 86(w) cm-1 , respectively.
Again, a repeat experiment with a three-fold excess of NMe3 yielded 
an identical product.
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(c) SbClj.NMe^. SbCl3 (7.6 g, 33.3 nmol) and NMe^  (745 ml, 33.3 mmol) 
gave white SbClj.NMe3, which was purified by washing with benzene in 
vacuum, followed by pumping for several hours. Yield 41 g (42%). M.p. 466- 
468 K.
Analysis based on C3HgNSbCl3
Calculated C(12.5) H(3.5) N(5.0) C l(37.1) %
Found C(12.5) H(3.7) N(5.1) C l(37.1) %
Bands were found in the TR spectrum a t :-
3030( s ) , 3005(m), 2955(w), 2920(w), 2895(w), 2870(vw), 2845(w),
2750(s,br), 2505(w), 2460(m), 1475(sh), 1466(s), 1448(sh), 1432(sh), 
1405(m), 1259(s), 1155(vw), 1097(s), 1063(vw), 1004(s), 977(w),
801( s ) ,  719( s ) , 458(s), 335(m), 316(m), 260(w), 232(m), 185(vs) 
and 1 1 0 (w) cm“'*, respectively.
(d) SbBr3 .NMe3> SbBr3 (8.2 g, 22.7 mmol) and NMe3 (508 ml, 22.7 mmol) 
gave white SbBr3 .NMe3 which was purified by washing with benzene in vacuum, 
then pumping dry. Yield 4.6 g (48%). M.d . (decomp.) 477-480 K.
Analysis calculated for C3HgSbBr3
Calculated C(8.5) H(2.1) N(3.3) Br(56.9) %
Found C(8.7) H(2.1) N(3.5) Br(56.9) %
Bands were found in the IR spectrum at
3030(s), 3006(m), 2954(m), 2910(w,sh), 2890(m), 2870(w,sh), 2840(m),
2755( s ) , 2490(w), 2445(m), 1473(sh), 1464(s), 1445(w), 1435(sh),
1405(m), 1247(s), 1095(m), 1053(w), 1002(m), 996(w), 977(s), 800(s), 
705(s), 673(w), 474(s), 290(m), 275(w), 258(m), 234(m), 180(s),
147(w) and 118(w) cm"*, respectively.
(e) SbCl3 .2NMe3. SbCl3 (6.0 g, 26.3 mmol) and NMe3 (1310 ml, 58.5 mmol) 
gave pale yellow SbCl3 <2NMe3 which was washed and dried as above.
Yield 8.2 g, (93%). M.p. (decomp.) 359 K.
OOl
Analysis based on CgH^ gN2SbCl3
Calculated C(20.8) H(5.2) N(8.0) C l(30.7) %
Found C(20.4) H(_5.1) N(7.9) Cl (30.6) %
The IR spectrum showed bands a t :-
3035(m), 3010(m), 2990(w,sh), 2965(m), 2921(sh), 2905(s), 2880(sh),
2850(m), 2780(m), 2755(m), 1476(sh), 1467(s), 1456(sh), 1452 (sh ), 
1436(sh), 1413(sh), 1406(m), 1402(sh), 1249(s), 1096(s), 1003(s),
966(s), 803(s ) ,  721( s ) , 673(sh), 668(w), 456(s), 388(w), 298(m),
245(w), 195(s), 143(w) and 121 (w) cm~\ respectively.
(f) SbBr3 .2NMe3. SbBr3 (5 .9  g, 16.3 mmol) and NMe3 (764 ml, 34.1 mmol) 
gave pale yellow SbBr3 .2NMe3, which was washed and dried as above.
Y ie ld  6.9 g (88 .3*). M.p. (decomp.) 380 K.
Analysis based on C6H18N2^bBr3
Calculated C(15.0) H(.3.8) N(5.8) Br(50.0) %
Found C (14 .7) H(_3.6) N (5.9) Br(50.0) *
Bands were found in the IR spectrum a t :-
3035(m), 30l0(m), 2?60(m), 2920(sh), 2900(s), 2878(sh), 2850(m),
2780(m), 2760(m), 1477(sh), 1470(s), 1460(sh), 1450(sh), 1440(sh),
1415(sh) ,  1410(m), 1406(sh), 1250(s), 1097(s), 998(s), 956(s),
794( s ) , 705(s), 686( s h ) , 670(w), 467(s), 395(w), 255(w), 235(w),
176(s), 128(w) and 115(w) cm-1 , respectively.
2 .9 .3  Complexes of Mo halides and oxyhalides with NMe^
(a) MoClg.2NMe3 MoClg (*v4 g) and Zn dust ('vO.S g) were sealed in 
a double ampoule bomb with NMe3 (MO ml). After a few hours, a pale 
pink colour developed. F ilt ra t io n  of the solution through the s in te r, 
and back d is t illa t io n  of amine resulted in a small amount of a bright 
purple so lid . Two such bombs over a seven month period (about 50 
extractions each) yielded about 1 g of crude product, which was purified
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by re-extraction with NMe3 (to free i t  from the black decomposition product) 
giving M).5 g of MoCl2 .2NMe3 as bright purple c ry sta ls . The absence of 
Zn in the product was confirmed by a negative dithizone te st.
Analysis based on CgH^g^MoC^
Calculated C(25.3) H(6.4) N(9. 8) C l(24.8) %
Found C(25.7) H(6.4) N(9.7) C l(25.5) %
Bands were found in the IR spectrum a t :-
3038(m,br), 3002(m), 2977(w), 2927(w), 2898(m), 2870(w), 2848(m),
2818(w), 2786(w), 1484(s), 1465(s), 1439(w), 1402(m), 1254(w),
1236(w), 1106(w), 1098(w), 1003(w), 986(s), 895(w), 819(s),
724(m), 520(m), 507(vw), 445(w, b r), 332(s), 297(w,sh), 280(m) 
and 230(w) cm- ,^ respectively.
(b) Reaction of MoOCl3 with NMe^ . MoOClg f a  g) and NMe^  (~50 ml) were 
sealed in  a double ampoule bomb at 77 K. On warming to room temperature, 
the NMe3 solution almost immediately became dark green. A single  
extraction afforded Mo0Cl3 .2NMe3 as dark green c ry sta ls .
Analysis based on CgH^ gN2MoOCl3
Calculated C(21.4) H(5.4) N(8.3) C l(31.6) %
Found CC21.6) H(5.3) N(8.4) C l(31.4) %
Bands were found in the IR spectrum a t :-
3020(m), 2985(s), 2930(sh), 2910(sh), 2880(sh), 2854(w), 2798(m) 
1474(sh), 1457(s), 1408(s), 1234(m), 1113(m), 976(s), 955(s),
816(s), 725(m), 534(s), 433(w), 345(s) and 324(s) cm-1, respectively.
(c) On standing for several days, the green solution as obtained 
in (b) gave a lig ht brown precip itate. Careful re-extraction of th is  
so lid  with NMe3 gave the lig ht brown powdery product, a Nujol mull of 
which showed IR bands a t :-
1409(s ) ,  1243(w,br), 1108(w), 984(sh), 980(s), 970(s), 952(m),
821( s ) ,  752(w,sh), 733(m), 675(m), 656(m), 526(m), 334(w) and 
310(s) cm”1, respectively.
Analysis found 0(21.83, 22.02), H(5.63, 5 .67), N(8.75, 8 .67),
C l(28.18, 28.28) %.
(d) Total extraction of a ll NMe3 soluble products, i .e .  (b) and 
(c ) ,  le f t  a lig ht red/brown residue, which showed IR bands a t :-
3085(m), 3028(w), 2962(w), 2927(m), 2903(m), 2850(w), 2795(w),
1487(s ) ,  1467(m), 1418(w), 1374(w), 1270(w), 1158(w,br),
1103(w,br), 1073(w,br), 986(s), 980(w,sh), 970(w,sh), 820(s),
723(m), (656(w), 522(m) and 313(s,br) cm”1, respectively .
Analysis found C(26.71, 27.18), H(6.96, 7 .08), N(9.15, 8 .83),
C l(31.94, 32.80) %.
(e) Addition of a small amount of Zn dust to reaction (a) did not 
affect the products, but noticeably speeded up the formation of the brown 
so lid  (c ) . Attempts to prepare samples of MoOCl3 .2NMe3 in the presence 
of Zn always resulted in contamination with (c ).
(f) Reaction of MoOCI^  with NMe3. Extraction of <v#3 g MoOCl^  with 
40 ml of NMe3 over a four month period gave ^0.2 g of an orange brown 
amine soluble so lid . Use of a piece of Zn wire as a cata lyst had no 
effect; the wire remained unconsunfed at the end of the reaction. The 
IR spectrum of the product showed bands a t :-
3060(m), 2983(m), 2947(m), 2912(sh), 2860(w), 2842(w), 2787(w), 
1480(s), 1460(s), 1448(sh), 1406(w), 1238(w), ll06(m ), 989(s),
978(s), 968(s), 951(s), 822(s), 754(s), 723(m), 655(vs), 522(s), 
450(s), 430(w), 404(s ) ,  350(w), 333(s), 308(s) and 273(w) cm"1, 
respectively.
Microanalysis found C(19.6, 19.5), H(4.8, 4 .8 ) ,  N(8.0, 8 .0 ),
C l(18.9 , 19.2) %.
2.9.4 Reaction of NMe3 with AuClj. Red p la te le ts of AuClg (*v.l g) were 
placed in a double ampoule bomb and NMe3 d is t i l le d  on at 77 K. On 
warming to room temperature, the AuC13 dissolved to give a pale brown 
solution which, after a few minutes, began to p recip itate a pale yellow 
so lid . After 30 mins, precipitation was complete leaving the NMe3 
solution co lourless. A further slow reaction of the yellow precipitate  
was observed over a three week period to give a dark brown so lid  and
a colourless solution. There were no amine soluble products.
Extraction of the brown material with CHC13 o r MeOH gave a dark 
brown so lid , identified as m etallic gold by a featureless IR spectrum 
and its  high e lectrica l conductivity. Concentration of the MeOH or CHC13 
washings produced a mixture of organic products analysing overall as 
C3HgNCl. Separation of the organic compounds was not achieved.
Analysis of organic mixture based on CgH27N3C l3Au 
Calculated C(22.5) H(5.6) N( 8 . 8 ) C l(22.1) %
Found C(22.3) H(5.6) N(10.0) C l(21.7) %
2.9 .5  Reaction of MCl^^NMe, (M = Zr, Hf) with THF
Addition of 2.1 fold excess of THF to solutions of MC1^ .2NMe3 
(M = Zr, Hf) in CgHg gave white precipitates of the bis THF adducts. 
Displaced trimethyl amine was trapped out at 77 K and identified by it s  IR 
spectrum. The complexes were washed well with n-Hexane to remove excess 
ligand before being punped dry in vacuo.
(a) ZrCl/j.2THF. THF (0.5 ml, 6.0 mmol) was added dropwise to a 
solution of ZrCl4 .2NMe3 (1.1 g, 2.4 mmol) in C6H6 to give ZrCl4 .2THF,
■ M l
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(1.03 g, 87%).
Analysis based on C2^ *16®2^ r^4
Calculated C(25.5) H(4.3) C l(37.4) %
Found C( 25.3) H(.4.5) C l(37.3) %
Bands were found in the IR spectrum a t :-
3158(s), 3028(in), 2950(m), 2920(m), 2900(w), 2848(m), 1480(m), 
1465(m), 1451(sh ), 1415(w), 1380(w), 1368(w), 1344(w), 1251(w),
1200(w), 1145(m), 1124(s), 1064(w), I045(w), 10l5(m), 982(s), 
948(w), 925(w), 860(m), 817(w), 765(w), 738(sh), 725(w), 678(m) 
and 301(vs) cm“ *, respectively .
(b) HfClr 2THF. S im ila r ly , HfCl4 .2NMe3 (1.3 g, 3.0 mmol) and 
THF (0.5 ml, 6.2 irniol) gave HfCl4 .2THF (1.23 g, 89%).
Analysis based on CgH-jg02HfCl4
Calculated C(20.0) H(3.4) C l(30.5) %
Found C(19.3) H(3.6) C l(30.0) %
Bands were found in the IR spectrum a t :-
3160(s) , 3030(w), 2955(m), 2030(m), 2856(m), 2737(w), 1483(m), 
1467(m), 1454(m), 1417(w), 1276(.w), 1251(w), 1194(vw), 1141 ( s ) ,
111 5 (s ) , I060(s), 1041 ( s ) , 1019 ( s h ) ,  I009(m), 977(.s), 9l0(w), 
855(sh), 841(m), 812(w), 717(w) and 270(vs) cm-1, respectively.
2.9.6 Preparation of MCl^.Megtren (M = T i ,  Zr, Hf)
Addition of Megtren to either Ti Cl4 or MCl4 .2NMe3 (M = Zr, Hf) in 
benzene solutions gave immediate reaction, with precip itation of the 
respective mono-adduct MCI4 .Megtren. For M = Zr, Hf, displaced NMe^  was 
trapped out at 77 K and identified by it s  IR spectrum. The adducts were 
purified by washing with both benzene and n-Hexane.
(a) TiCl,.M egtren. Dropwise addition of Megtren (4.6 g, 20.0 mmol)
OOl
to TiCl^ (1.17 g, 9.0 mmol) gave pale green TiCl^.Megtren (3.3 g, 88%)
Analysis based on ci2H30N4C 4^Tl
Calculated C(34.3) H(7.2) N(13.3) C l(33.7) %
Found C(34.4) H C7.1) NC13.0) C l(33.3) %
Bands were found in the IR spectrum a t :-
3018(w), 2950(s), 2925(s), 2828(m), 2808(w), 1474(w), I461(s),
1439(w), 1436(w), 1400(w), 1375(w), 1300(w), 1279(m), 1259(m),
1237(w), 1208(w), 1166(w), 1112(w), 1063(w), 1052(w), 1040(m),
1020(m), 1004(m), 980(m), 894(s), 803(m), 781(s), 765(w), 746(m),
724(m), 387(s), 356(s) and 187(m) cm~ ,^ respectively.
NMR (90 KHz,CD2Cl2 so lution, r e l . TMS) showed resonances at 
6 2 .60 , 6 2.82 (multiplet) and s  3.51 (m ultip let).
(b) ZrCl^.Megtren. S im ila r ly , addition of Megtren (2.2 g, 11.0 mmol) 
to ZrC l4 .2NMe3 (1.6 g, 4.7 mmol) gave white ZrCl^.Megtren (1.8 g, 84%) 
with release of trimethyl amine.
Analysis based on C^HggN^Cl^Zr
Calculated C(31.1) H(6.5) N(12.0) C l(30.6) %
Found C(30.8) H(6 . 8 ) N(11 .8) C l(29.9) %
Bands were found in the IR spectrum a t :-
3020(m), 2952(s), 2930(s), 2845(m), 2820(w), 1475(w), 1470(s),
1458(w), 1435(w), 1403(m), 1288(m), 1259(w), 1209(w), 1166(w),
1125(w), 1108(w), 1076(w), 1063(w), 1041(s ) ,  1000(w), 990(s),
910(w), 801(m), 786(s), 764(s), 735(w), 719(m), 683(s), 372(s),
318(s) and 168(m) cm” , respective ly .
]H NMR (CD2C12, re l .  TMS) S 2.68, 6 2.92, (m ultip let), 6 3.51 
(m ultip let.
(c) HfC1/| .Megtren. S im ila r ly , addition of Megtren (1.3 g, 5.5 mmol) 
to HfCl4 .2NMe3 (1.1 g, 2.5 mmol) gave white HfCl^.Megtren (1.2 g, 88%) with
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release of trimethylamine.
Analysis based on C12H30N4C1 4Hf
Calculated C(26.1) H(5.5) N(10.1) Cl (.25.8) %
Found C(25.8) H(5.7) N( 9.8) C l(25.3) %
Bands were found in the IR spectrum a t :-
3130(w), 3020(w), 2955(s)» 2940(s), 2855(m), 2820(w), 1480(w),
1470(s), 1463(w), 1445(w), 1412(.w), 1378(w), 1308(.w), 1295(w),
1265(m), 1230(w), 1213(w), 1156(w), 1100(w), 1085(m), 1053(w),
1037(m), 1005(s), 937(s), 915(w), 815(w), 785(s), 763(m), 725(m), 
680(w), 327(s), 277(s ) and 143(m) cm-1, respectively.
]H NMR (CD2C12, r e l . TMS) 6 2.70, 6 2.97 (multiplet) 6 3.52 
(m ultip let).
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CHAPTER 3
3.1 INTRODUCTION
Structure and Bonding in (Tie^N^PY (Y » Q, S, Se) Systems
C rit ic a l to an understanding of the nature of phosphine chalconide
complexes,Is an explanation of the phosphorus chalcogen bond, and
considerable effo rt has been expended in th is d irection . Bond
dissociation energies (184), short bond lengths (185), bond moment (186)
and IR data (187) a ll point to multiple bond character in the P-Y bond,
caused p rincipally  by P(dir) - Y(pir) overlap. Dorshner and Kaufmann
have performed molecular orbital calculations on (H2N)3PY (188) and
(Me2N)3PY (189), (Y = 0 , S) to examine th is  on a theoretical basis.
For (Me2N)3P0 (HMPA) the P-0 bond was calculated to consist of 30%
a character (p rin cip a lly  due to 0(2pz) x P(3pz), 0(2pz) x P(3s) and 
o
0(2pz) x P(dz ) overlap) and 70% it character, th is  mainly from 
0(2px,y) -► P(3p, 3d) donation. The sulphur analogue (Me2N)gPS, (HMPTA)
shows considerably less ir character in the P-Y bond (55%), with a  
character accounting for the remainder (45%) of the P-S overlap 
population. This is  mostly due to a large reduction in S -*■ P(3d) n back 
bonding.
A reduction in P-Y w bonding, therefore, leaves the P(d) orbitals  
more open to N(p) - P(d) bonding, which should increase in the order 
0 < S <Se. This can be seen in the X-ray crysta l structures of 
(H2N)3P0 (190) and (Me2N)3PSe (191) (Fig . 3 .1 .1 ) . (H2N)3P0 has an
almost C3v geometry, with small variations in the P-N bond lengths 
being caused by d ifferent H bonded environments for the three nitrogen atoms.
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Fig. 3.1.1 X-ray Crystal Structures of (H2N)3P0 and 
(.Me2N)3PSe
Substantial deviations from C3v symmetry are found for (Me2N)3PS 
however, with two d ifferent sets of P-N bond lengths, and nitrogen 
geometries, suggesting two sp2 and one sp3 NMe2 groups (190). The P-Y 
bond in both cases was considered to be long (190, 191) compared to 
sim ilar systems in which l i t t l e  or no w bonding between the P atom and 
the various substituents takes place. Elongation of the P-Se bond 
was particu larly  large, and was interpreted in terms of dipolar P - Se 
character in the P-Se bond. This view would seem to be supported by 
e a r lie r  ^Se NMR sh ift  data for sim ilar PSe containing molecules (192).
Coordination s ite
The complex chemistry of the Phosphine chalconides has been widely 
studied, and reviewed (193, 194). One point that emerges is  that for  
v irtu a lly  a ll the complexes studied 0 or S have been proposed as the 
donor s ite , apparently the sole exception being the tris(dimethoxyphosphato)- 
M ( I I I ) ,  (M = T i ,  V, Cr) series where bidentate behaviour was observed (195).
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Single crystal X-ray studies have confirmed e ither 0 (83, 87, 165, 196- 
201) or S (202) donation fo r  a number of species. The lack of any N 
donor complexes with amino substituted ligands can be explained by a 
combination of electronic and s te r ic  factors. Vilesov et a  ^ (203) 
and Lux et al^  (.204) have studied the gas phase photoelectron spectra of 
(NMe2)xC l3_xPS and (NMe2)xC l3_xP0 respectively , and determined the 
f i r s t  ionisation energies (Table 3 .1 .1 ) . This generally corresponds 
to the lone pairon the most basic donor atom (189).
Compound 1st I .E .  
(eV)
Compound 1st I .E .  
(eV)
2nd I .E .  
(eV)
3rd I .E .  
(eV)
4th I .E .  
(eV)
(NMe2)3PS 8.05(S ) (NMe2 )3P0 8.25(N) 8.73(N) 9.17(N) 10.44(0)
(NMe2)2ClPS 8.75(S) (NMe2)2ClPO 9.19(N) 9.43(N) 10.90(0) -
(NMe2)C l2PS 9.35(S) (NMe2 )C l2P0 9.87(N) 11.28(N) - -
c i 3pS 10.15(S) C13 P0 11.91(0) - - -
Table 3.1.1 Vertical Ionisation Energies fo r (NMe2)xC l3_xP0(S)
In the (NMe2)xC l3_xPS s e r ie s ,  the 1st I .E .  is  from the S lone pair, and 
S-bonded systems can be seen simply in terms of the greater basicity  of the 
S atom. For the analogous 0 se rie s , however, the lowest ionisation  
energy was found to correspond to the 2p o rb ita ls  on the nitrogen atoms, 
which on th is b asis, are thus more basic than the oxygen atom. The 
preference for 0 rather than N donation in th is  case can only be explained 
by a consideration of s t e r ic  factors, where repulsive forces between 
adjacent NMe2 groups are strong enough to prevent inversion of the N lone 
p a ir. 0 donation has also been proposed for the less hindered complexes 
MCl4.2((NMe2 )2ClP0) and MCl4 .2((NMe2 )C l2P0)) (M = Sn, Zr (205)); here 
presumably NMe2-Cl repulsive forces are dominant.
On coordination to a metal, donation of electron density from the 0 
or S atom reduces Y ■+■ P(d) back bonding, therefore, increasing P(dn) - N(pw)
«>*»1
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bonding and reducing the b asic ity  of the N substituents, although th is  
e ffe ct seems to be small in the complexes studies so far (196-201).
Relative donor behaviour of (Me2N)3PY, Y = 0, S
An examination of Table 3.1.1 shows the ionisation energy of the 
donor atom lone pair to be 8.05 and 10.44 eV for (Me2N)3PS and (Me2N)3P0 
respective ly . The inference from th is , that (Me2N)3PS should act as 
a better ligand than (Me2N)3P0, is  not ju s t if ie d , however, by the known 
donor chemistry of these ligands. Complexes of (Me2N)3P0 (193, 207-211) 
are p lentifu l and well documented, w hilst those of (Me2N)3PS (212-214) 
are scarce. Factors in addition to straightforward basic ity  must, therefore, 
be involved. Teichmann and Hilgetag (194) have rationalised this 
phenomenon in terms of the HSAB principle (Section 1 .3). Thermodynamic 
data for the reactions of (Me2N)3PY, (Y = 0, S , Se) with the soft Lewis 
acid I 2 is  presented in  Table 3.1.2 (215).
n-Heptane
(Me2N)3PY + l 2 --------------
c  298 K
->  (Me2N)3PY.I2
Ligand Kt* mol"1) -AG(KJ mol"1) AH(KJ mol"1)
(NMe2 )3P0 284 ± 6 14.03 -30.7 ± 0.4
(NMe2)3PS 829 ± 8 16.72 -34.0 ± 0.8
(NMe2)3PSe 23,800 ± 1,200 25.07 53.8 ± 2.1
Table 3 .1 .2  Thermodynamic Data for (Me2N)3PY + I 2 
Inspection of the values of K and aG shows that the donor properties 
decrease in the order Se S 0. Conversely, with the hard acid NbClg,
Favez and Merbach (216) found that for the ligand exchange reaction,
NbCl5 .(NMe2) 3PY + (NMe2 ) 3PY' ------ > NbCl5 .(NMe2)3PY + (NMe2)3PY
the exchange rate for (NMe2)3PS was >10^ times faster than for (NMe2)3P0.
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This was seen as a reflection  of the re la tive  donor capacities of the 
ligand, and thus 0 »  S. The preference for 0 donor complexes with hard 
acids can also  be seen in the Sn (IV) adducts of trimethylthionephosphate, 
which spontaneously isomerlse to give the 0 bonded trimethylthiolphosphate 
complexes(217). (MeO)3PS + SnCl4 SnCl4 .2((MeO)3PS) 
(MeO)3P+SR.SnCl4 .OP(OMe)2S" -+ ( (MeO)2(RS)PO)2 .SnCl4 .
Phosphorus substituent effects on the donor behaviour of R R^gRjPY
To a f i r s t  approximation, the effect of a p articu lar substituent on 
the donor a b ility  of the R-|R2R3PY molecule can be predicted (193) 
by a consideration of the phosphoryl a substituent constants (Table 3 .1 .3) 
(218).
Substituent a Substituent o
NMe2 - 1 . 2 2 H 0.00
Me -0.96 SMe 0.15
OMe *-0 . 1 2 cci3 +0.30
cich2 -0.05 Cl +0.93
Table 3.1.3 Selected a Phosphoryl Substituent 
Constants.
Substituents with negative a  constants increase the ligand fie ld  strength 
of the R-|R2R3PY molecule, while those with a positive value produce a 
decrease. The effect is  additive. The donor properties of the series  
(NMe2 )xC l3_ xP0(S), again with I 2 as the reference Lewis acid , il lu s t ra te  
this (204).(Table 3.1.4)
Donor -aG° , KJ mol’ 1
-AH0 
KJ mol- 1 Donor
-AG° . 
KJ mol’ 1
-AH° , 
KJ mol’ 1
(NMe2)3P0 10.71 19.95 PS(NMe2)3 15.75 35.3
(NMe2 )2CiP0 4.49 - PSCl(NMe2)2 6.47 23.1
(NMe2 )C l2P0 -0.55 10.50 PSCl2 (NMe2) 1.60 12 .2
c i3po -3.99 6.3 psci3 -5.71 10.5
Table 3 .1 .4  Thermodynamic Data for the Reaction 
(NMe2)xC l3_xP0(S) + I 2 ^ ( N M e 2 )xC l3_xP 0 (S ).I2
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Donor properties ( i .e .  -AG°) decrease in the order (Me2N)3PY > (Me2N)2ClPY > 
(WegNJClgPY > Cl-jPY. I t  is  of interest that Cl-jPS, freed from the 
inductive and w bonding effects of the NMe2 group, becomes a poorer 
donor than P0C13, even towards c lass B acids. Hence, complexes of C13P0 
are numerous (115), w hilst those of C13PS (219) are rare and/or thermally 
unstable.
Stereochemical considerations
(Me2N)3P0 and (Me2N)3PS are examples of 'bulky' ligands and can 
often induce low coordination in metal complexes. An example of th is is  
found in HMPA adducts of the lanthanide trich lo rides where the 
6-coordinate MC13 .3HMPA (209) rather than the expected MC13 .4HMPA 
(M = La-Lu) complexes were formed. (N.B. The lanthanide tribromides (210) 
do give compounds of the la tte r  stoichiometry). Another effect due 
to ligand size  is  seen in the MX^ .2HMPA adducts (165, 197-201), which 
tend to be tran s, in contrast to the c is  geometry adopted by MC1 4 .2C1 3P0 
(M = Ti (83), Sn (196)) adducts. The la tte r i s  favoured on the grounds 
of stab ilis in g  interatomic attractions between the donor atoms (118, 220).
Le Coz and Guerchais (205) in the ir study of MCl4 .2(NMe2)xC l3_xP0,
(M = Sn, Zr, x = 0 ,1 ,2 ,3 ) also found a crossover in geometry on going 
from trans MC14 .2HMPA to c is  MCl4 .2(NMe2)2ClP0) in which the ligand 
is  only s lig h tly  less hindered. Phosphine sulphides have also been 
observed in a bridging mode as in (WCl4 .Ph3PS)2, where the S atom in Ph3PS 
bridges between the two WCl^  units (2 2 1 ) .
We have studied the coordination chemistry of (NMe2)3P0 and 
the series (NMe2 )xC l3_xPS (x = 1,2 ,3) with hard Lewis acids with 
four basic points in view.
(a) To try  to form complexes involving the nitrogen as a donor 
atom, either by using high metal halide:!igand ra t io s , or by the use of
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less hindered ligands such as (NMe2)C l2PS.
(b) A study of the sparsely investigated chemistry o f
(NMe2 )XC13_XPS complexes with hard acids, where successive replacement 
of NMe2 groups by Cl should produce large differences in donor a b ility .
(c) To investigate the p o ss ib ility  of producing reduced 
coordination using the bulky ligands (NMe2)3PS and (NMe2 )3 P0, especially  
with the MC13 halides (M = T t, V, C r), as found for MCl3 .2NMe3. The 
(NMe2 )xCl3_xPS series could also give geometry changes in the ir  
complexes as x is  reduced.
(d) An evaluation of the electronic changes in the ligand on
31coordination, using changes in vPS in the IR spectrum and P sh ifts  as 
probes.
3.2.1 Adducts of (NMe? )?P0, (HMPA) with MCI^  (M = T i ,  Sn, Zr and Hf and Snl^ 
Dropwise addition of a two-fold excess of HMPA to solutions of 
T iC l4 , ZrCl4 , HfCl4, SnCl4 and Snl4 in MeN02 gave MX4 -2HMPA as colourless 
(M = Sn, Zr, Hf, X = Cl) (.208), or dark red-brown (M = Sn, X = I) c ry sta ls . 
MC14 .2HMPA (M = Sn, T i,« Z r, Hf) were recrysta llised  from either MeN02 
or CH2C12 solutions. A repeat experiment using a three-fold excess of 
either T iC l4 or SnCl4 yielded 2TiCl4 .HMPA and SnCl4 .HMPA respectively .
No evidence was found for any higher Sn (IV) adduct. TiC14 .HMPA was 
isolated from CH2C1 2 solution as bright orange cubic c ry s ta ls  by 
interaction of stoichiometric quantities of T iC l4 and HMPA. Considerable 
heat of formation was noted for a ll  the above reactions.
S ta b ility  towards moist a ir  varied greatly between the adducts, 
with 2TiCl4 .HMPA riva ling  the rea ctiv ity  of the parent T iC l4 , while
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SnCl4 .2HMPA appeared stable towards aqueous hydrolysis. 2TiCl4 .HMPA
and TiCl^.HMPA dissolved in coordinating solvents (MeCN, THF, DMSO, py)
to give bright yellow solutions, apparently with formation of mixed
adducts. Evidence was also found for ligand exchange when
SnCl .^HMPA was dissolved in sim ilar so lvents. Values obtained for
-1  2 —1the molar conductivity between 0.18 and 0.23 ohm cm mol 
(10 M, CH2C12 solution) were well w ithin  the range expected for non­
conducting species ( 222) .
The IR spectra of the adducts are given in Tables 3.2.1 and 3 .2 .2 . 
Assignments are made after Kottgen et £l_ (223), and De Bolster and 
Groeneveld (207). The fact that only minor differences ex ist  
between the IR spectra of HMPA and i t s  complexes in the 4000-400 cm-1 
region strongly indicates 0-donor behaviour. This formulation is  supported 
by a decrease in the P0 stretching frequency of between 18-28 cm~ ,^ 
i . e .  Oxygen -*■ metal electron donation gives a consequent reduction in 
0 -*■ P back bonding, and loss of P-0 bond order. The fa ilu re  of HMPA to 
act as anything other than a monodentate 0-donor even in the higher 
complexes 2TiCl4 .HMPA and T iC l4 .HMPA is  ascribed to s te r ic  crowding 
between the three NMe2 groups preventing inversion of the nitrogen 
lone p air. Reduction in the P0 bond order is  accompanied by an increase  
in  N(pir)-P(dir) bonding, which causes an increase in the vPN bands due to 
asymmetry in the ligand. For example, the 744 cm-  ^ band in the free  
HMPA is  found as a t r ip le t  (768, 758 and 725 cm-1) in T iC l4 .2HMPA. The 
fact that no sp littin g  of C-N or C-H stretching modes occurs suggests 
that the differences in the P-N bond order are small enough not to 
effect the state (sp3 vs sp2) of the N(CH3 ) 2 groups. This argument is  
supported by the X-ray crystal structures of several HMPA adducts (196-201), 
where only small deviations in C-N bond lengths were found.
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HMPA TtCl4 .2HMPA ZrCl4 .2HMPA HfCl4 .2HMPA SnCl4 .2HMPA SnI4 .2HMPA Assignment
293301 3000(s) 2995(m) 3003(m) 3000(m) 2987(m)
2920(vs) 2940(s) 2948(sh) 2945(s) 2945(sh) 2920(s)
2875(vs) 2911(sh) 2925(s) 2915(sh) 2925(s) 2890(m)
v (CH3)
12840(vs) 2858(m) 2857(m) 2864(m) 2856(m) 2846(m)
2798(vs) 2810(s) 
2805(w)
2823(m) 
2813(w)
2825(m) 
2815(w)
2820(m) 
2812(w)
2801(m) j
1481(sJ 1488(w,sh) 1495(w,sh) 1494(w,sh) 1492(w,sh) -
1457(s) 1481(m) 1482(m) 1485(m) 1482(m) 1476(m)
1435(sh) 1463(shJ 1463(s) 1462(m) 1462(s) 1452(m) «(CH3)
1
11
1405(w) 1456(s) 
1417(w)
1453(m) 
1415(w)
1456(m) 
1415(w)
1455(m)
1413(w)
1477(m)
1410(w)
1306(vs) 1302(s) 1301(s) 1300(vs) 1300(vs) 1295(vs) p s (cH3) I
|
1210 (s ) 1187(s ) 1185(s ) 1182(s) 1185(s) 1180 (s )
1
v(P = 0)
1166(m) 1170(m) 1175(sh) 1169(w,sh) 1167(s) 1150(m)
ia s (CH3)
i
1150(w) 1150(vw) 1143(sh)
1001(s) 1035(s) 1048(vs) 1068(vs) llOO(vs) 1096(vs) vas(NC2)
982(s) 995(s) 994(vs) 996(s) 989(vs) 980(vs) vs (Nc2)
745(s ) 768(s) 769(s) 768(s) 760(s) 752(s)
I
\
758(m)
725(m)
760(m)
726(m)
760(s)
735(sh)
755(m) 
725(w,sh) 721(sh)
vas(pN)
634(m) 665(m) 662(m) 660(w) 654(vw) - vs(PN)
484(s) 540(m) 530(m) 525(m) 518(w) 510(w)
|
pnc9
475 480(s) 479(s) 475(vs) 475(s) 2 1
380(m) 390(s) 387(s) 388(s) 385(s) 382(s) 6(0 = PN3)
- 354(vs) 308(vs) 287(vs) 310(s ) 212(vs) v(M-Cl)
Table 3.2.1 
(Conti nued)
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TiC l4 .HMPA 2Tì C14 .HMPA SnCl4 .HMPA Assignment
3006(w) 3005(m)
2943(s) 2928(s)
2910(s) 2910(m)
2862(m) 2860(m)
2825(m) 2825(w)
2815(w)
1485(s) 1483(m)
1463(m) 1463(m)
1450(s) 1451(m)
1420(w) 1412(w)
1312(vs) 1310 ( s )
1185(m) 1182(s)
1178(m) 1170(sh)
1145(w) 1147(m)
1040(s) T067(vs)
1005(vs) I008(s)
777(m) 774(m)
770(m) 760(m)
730(w) -
677(m) 677(m)
535(m) 550(m)
4 7 5 ( s ) 462(m)
404(m,sh) 416(vs)
381(m) 379(s)
354(vs) 268(m)
320(m) 230(m)
287
3005(m) 
2940(s ) 
2910(sh) 
2859(m) 
2819(m)
v (CH3)
1485(m) 
1461(m) 
1451(m) 
1415(w)
ch3)
1305(s) ps (CH3)
1192(s) v(P = 0)
1171(5)
1143(sh) Pas(CH3)
1097(vs) vaS(NC2)
993(vs) vs (NC2)
767(m)
756(m)
723(w)
vas(PN)
675(vw) vs (PN)
520(w)
470(w) pnc2
375(s) 
340(m) 
315(m) 
172(m)
v(M-Cl)
Table 3.2.1 IR Spectra of M(IV)HMPA Adducts
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The low IR spectra (400-200 cm-1) of MC14 .2HMPA (M = T i ,  Zr, Hf 
and Sn) and SnI4 .2HMPA show single strong absorptions in accordance with 
an octahedral trans (D4h( symmetry (149) (Fig . 3 .2 .1 ). Adoption of 
a trans geometry is  in contrast to the corresponding Cl^PO complexes, 
where c is  arrangement of ligands was found (83, 196). This change 
in coordination geometry is  probably due to the increased bulk of 
HMPA, c f . Cl-jPO. The structure of T iC l4 .HMPA is  interpreted in 
terms of a halogen bridged dimer with a trans (Cg^) arrangement of 
ligands (F ig . 3 .2 .1 ). This geometry has been confirmed for other 1:1 
adducts of Ti (IV) v iz . (T iC l4 .P0Cl3 )2 (87), (T iC l4 .MeN02) 2 (88) and 
(T iC l4 .EtOAc)2 (89). Bands, in  the low IR spectrum due to Ti-Cl 
stretching modes are assigned as 404 cm“ 1 (terminal,Ag) , 381 cm“ 1 
(terminal, B ) , 354 cm“ 1 (term inal, A ) ,  320 cm“* (bridging, A ) and
y 3
287 cm"* (bridging, Bg) . Assignments are after the vibrational 
analysis of (T iC l4 .C l3P0)2 performed by Kawano and coworkers (224).
Adducts of the type 2TiCl4 .L (L = RC00r ' ( 225), PhjPS (226) ) have 
been reported in the lite ra tu re , but have remained without characterisation. 
Crystallographic studies of PCl4 .T i2Clg (227) have shown the T i2C1g unit
to possess a confacial bioctahedral structure; we proposed that 
2TiCl4.HMPA being isoelectronic with T i2C1g , is  also isostructural 
(Fig . 3 .2 .1 ) . The metal halide bands in the low IR spectrum are 
assigned as 416, 379 cm“ 1 (T i-C l terminal) and 268, 230 cm-1 (Ti-Cl bridging) 
modes. I t  is  not possible to determine the position of the ligand in 
the structure of 2TiCl4 .HMPA from IR evidence alone. Templeton and 
coworkers found that for the confacial bioctahedral tetrahydrothiophene (THT) 
complexes Ta2Xg(THT)3 (X = Cl (228), Br (228, 229) ) and Nb2Brg(THT)3 (228, 
229), the extra drain of electron density from bridging THT molecules 
resulted in a larger downfield "*H NMR sh ift  than that of a terminal 
placed ligand. The s im ila r ity  between the 1 H, ^C and '11P chemical sh ift
Cl L
TiCl4 HMPA
L Cl
Cl
Fîg. 3.2.1 Proposed Structures of T iC l4>2HMPA, TiCl .^HMPA 
and 2TiCl4 .HMPA
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in the NMR spectra of 2TiC l4.HMPA and T iC l4 .2HMPA strongly suggests 
that the HMPA molecule is  not present in a bridging capacity. The 
proposed isomer of 2TiC l4 .HMPA (Fig . 3.2.1) in which the ligand is  
placed trans to the bridgehead Cl atom rather than c i s , is  based on 
a comparison with (Ti;Cl4 .HMPA)2 fn which a trans geometry has also 
been proposed.
The elucidation of the solid  state structure of SnCK.HMPA via it s  
low IR spectrum is  complicated by the existence of two possible geometries, 
Fig. 3 .3 .2 , both of which can be used to interpret the four bands 
found in the 400-150 cm“  ^ region.
OP(NMe2)3
C l-
Cl"
S n
Cl
QP(NMeJ
Cl
• C l
a)
2'3
---------- - £ [
Cl
— - - ^ > C l
Clé ^ r _ -  ^*^rr__cr
b)
ct OP(NMe,)2 '3
F ig . 3 .2 .2  Possible Structures for SnCl .^HMPA
Examples of structures (a) (C3v) and (b) (C2v) are SnCl4 .NMe3 (73) and
(PCl4 )2 (Sn2C li0) (230, 231) respectively. Low IR data for SnCl^.HMPA,
2_
SnCl4 .NMe3 and Sn2C l^0 is  presented with appropriate assignments in 
Table 3 .2 .2.
SnCl4 .HMPA SnCl4 .NMe3 Sn2C1 l 0 2
375 37°  (vas) 347(E ’ )
340 338 (vs ) 333(A2")
315 307 (vs ) 318(A2")
172 - 167(A2''), 150(E * )
Table 3 .2 .2  Low IR Spectra of some Sn (IV) Species
No band comparable to that at 172 cnT* for SnCl .^HMPA ex ists in the 
spectrum of SnCl4 .NMe3. For SnCl-.HMRA to be isostructural with 
SnCl4 .NMe3, the 172 cnT1 band must therefore, originate with a 
vibration other than a Sn-Cl mode. An asymmetric PN (223), or SnO 
bend are two p o ssib ilit ie s  (the Sn-0 stretching mode is  probably 
masked by the strong 375 cm"** Sn-Cl band). Considering the large 
number of 1:1 complexes of SiX4 and GeX4 (113, 232) for which no 
dimeric form has been found, i t  seems here preferable to designate 
an (a)-type structure to SnCl^.HMPA.
NMR data (*H (90 MHz), 13C and 3 1 P(proton decoupled) ) for HMPA 
and M (IV) HMPA adducts appears in Table 3 .2 .3 .
Compì ex ] H (60 MHz) 13C 3 1 P
T iC l4 .2HMPA 2.91 37.45 25.18
TiC l4 .HMPA 2.87 - -
2TiCl4 .HMPA 2.96 37.19 28.06
ZrCl4 .2HMPA 2.93 37.24 24.38
HfCl4 .2HMPA 2.91 37.16 25.34
SnCl4 .2HMPA 2.86 37.31 19.42
SnCl4.HMPA 2.67 36.88 19.66
SnI4.HMPA 2.76 37.47 18.73
HMPA 2.65 36.84 22.49
Table 3.2.3 NMR Data for M (IV) HMPA
Spectra appeared as sharp doublets (*H, 3J(P-H) = 9-10 Hz; *3C, ^J(P-C) 
3.7-5.1 Hz) or in the case of P, sin g lets. Evidence for inequivalent 
NMeg groups (as found in the so lid  state by IR) was absent in solution.
I t  can only be concluded here that rapid change between the various forms 
of the PN bond presents an averaged spectrum. L it t le  change was found
in the P-H and C-P coupling constants on complex formation. Shifts to
13low f ie ld  of between 0.04 and 0.63 ppm occurred in the C resonance 
on complexation but there was no obvious trend in terms of chemical 
sh ifts .
31 P NMR has been shown to be a useful and sensitive  probe in the 
investigation of phosphoryl complexes (233-235), and proved to be so 
again when applied to the MX^ .HMPA system. The complexes here fe l l  into  
two d is t in c t  categories, with the complexes of the Group IV (A) metals 
(T i, Zr and Hf) giving downfield sh ifts  re la tive  to free HMPA (1.89-5.57 ppm), 
while the Sn based complexes gave upfield sh ifts  (2.83-3.07 ppm). Also 
of note was the magnitude of the ir s h if ts , which were small compared to 
comparable phosphoryl complexes, e.g . TiC1^.2ClgP0, A6 = 16.6 ppm (233).
Formation of a M-0 coordinate bond weakens 0 -*■ P back bonding and
thus reduces the P-0 bond order. The electron density on the
31phosphorus i s ,  therefore, reduced resulting in a downfield P sh if t .
For dimethyl amino substituted ligands such as HMPA, th is can be 
compensated by a combination of N ■+ P electron donation due to inductive 
effe cts , and P electron density gained by the p artia l delocalisation of 
the N lone pair into the N-P ir bond. I f  the gain of P electron density 
from the NMe2 groups outweighs the loss of density from the reduction 
of P-0 bond order, the nett resu lt is  an upfield 'P sh ift , as seen for 
SnCl4 .2HMPA, SnCl4 .HMPA and SnI4 .2HMPA. The M ( IV ) , (M = T i , Zr, Hf) 
complexes also show greater downfield sh ifts  (0.22-0.31 ppm) in th e ir  
H^ NMR spectra than do the corresponding Sn (IV) adducts (0.02-0.21 ppm).
A greater loss of electron density in the M ( IV ) , (M = T i, Zr, Hf) adducts 
from both the NMe2 groups and the P atom suggests that the metal atom here 
acts as an electron 'sink* and the M-0 bond is  stronger in the M (IV ),
(M = T i ,  Zr, Hf) complexes than in those of Sn ( IV ) . This is  not perhaps
unexpected, as M (IV ), M -  T i ,  Zr, Hf) possessing low lying d o rb ita ls ,  
should he more capable of accepting electron density than Sn (IV ).
Single crystal X-ray studies o f trans UC14 .2HMPA (198) have already 
established strong M-0 bonds.
No lin e  broadening due to ligand exchange was observed in any of 
the spectra. Favez and Merbach (216) found for the NbClg.HMPA system 
that ligand exchange was too slow to measure even at 393 K, and sim ilar  
considerations would seem to apply to the Group IV complexes. The 
differences in the NMR spectra SnCl4 .2HMPA and SnCl^.HMPAare noteworthy. 
Several authors have observed disproportionation reactions of the type,
2SnCl4 .L -  SnCl4 .2L + SnCl4
in solution (74, 236). The well-defined SnCl4 .HMPA spectra obtained 
suggests that the assumed equilibrium in th is case l ie s  well to the le f t  
hand side. Although not d ire c tly  observable, evidence for such an 
equilibrium exists in the behaviour of SnCl4 .HMPA towards aqueous 
hydrolysis. Solutions of SnCl4 .HMPA in wet CH2CI2 gave on extraction, 
drying and removal of solvent, colourless crysta ls  of trans SnCl4 .2HMPA.
The insoluble white residue, although not id en tified , was presumably SnOg.
H~0
2SnCl4 .HMPA------- ---------- - SnCl4 .2HMPA + Sn02 + 4HC1
I t  is  hard to envisage a situation in which in it ia l  attack of on
the SnCl4 .HMPA molecule produces anything except total hydrolysis of the
complex. A mechanism such as that proposed above avoids th is by
producing water stable SnCl4 <2HMPA in the in it ia l  step.
H-0
?SnCl4 .HMPA **  SnCl4 .2HMPA + SnCl4 ---------- Sn02 + 4HC1
3.2 .2  MC1? .3HMPA complexes (M = T i , V, Cr)
THF solutions of T iC l3 .3THF or VCI3 . 3THF when treated with a three-fold
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excess of HMPA underwent rapid ligand exchange reactions to give 
MC1J.3HMPA (M = T i ,  V). Removal of solvent gave the complexes as pale 
blue (M = Ti) or pink (M = V) m icrocrystalline so lid s. CrCl3 .3THF 
under the same conditions gave no noticeable reaction, even after  
several weeks. Addition of a small amount of Zn dust to a CrCl3 .3THF/HMPA 
so lution, however, gave precipitation of green crystals of CrCl3 .3HMPA 
after four weeks at 313 K. Direct reaction of HMPA with CrCl3, again with 
a zinc dust catalyst gave green CrCl3 .3HMPA after -v24 hours. Reaction 
of CrCl3 .2NMe3 with a three-fold excess of HMPA in CgHg solution and 
subsequent removal of solvent and excess ligand gave a pale mauve solid  
analysing as CrCl3 .3HMPA.
All the complexes were soluble in polar and chlorinated solvents,
and show a ir  moisture se n s itiv ity  , T iC l3 .3HMPA being particu larly
susceptible to aqueous hydrolysis. Values for molar conductivities 
—1 7 -1 _"3
between 0.1 and 1.4 n cm mol (taken as 10 M solutions in CH2CI2 , 298 K) 
are well within the range expected for a non-ionic formulation ( 222).
The trends found in the IR spectra of the quadrivalent complexes were 
continued in the tervalent derivatives (Table 3 .2 .4 ). Bands corresponding 
to vCH (1490-1400 cm"1) vibrations were again found to be v irtu a lly  
unchanged on complexation, indicating equivalent uncoordinated NMe2 groups 
and thus implying 0 coordination. A reduction in the phosphoryl 
stretching frequency from that found in the free ligand (AvPO = 15 cm" 1 
(M = T i ) ,  15 cm“ 1 (M = V), 14 cm" 1 (M = Cr (purple) ) ,  20 cm" 1 (M = Cr (green) ) 
supports th is  view. A weaker M-0 interaction for the M ( I I I )  derivatives, 
over that found in the comperable M (IV) complexes, was suggested from 
IR data, e .g . T iC l3 .3HMPA Av(P 0) = 15 cm“1, T iC l4 .2HMPA Av(P 0) = 23 cm“ 1. 
Sp litting  of the vagPN mode (745 cm" 1 HMPA) as a consequence of the 
increased ligand P(dir) - N(pir) bonding was observed for the complexes 
( i .e .  T iC l3 .3HMPA 766, 756, 727 cm“1).
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HMPA fac T iC l3 .3HMPA £ac VC13 .3HMPA fac CrCl3 .3HMPA mer CrCl3 .3HMPA Assmt.
2993(s) 2995(m) 2993(m) 2995(m) 2999(m)
2920(vs) 2915(s) 2920(s) 2910 (s ) 2905(s)
2875(vs) 2899(vs) 2895(vs) 2887(s ) 2895(vs) vCH3
2840(vs) 2855(m) 2848(m) 2848(m) 2850(m)
2798(vs) 2810(s) 2806(s ) 2806(s) 2805(vs)
1481(s) 1480(m) 1480(m) 1482(m) 1482(m)
1457(s ) 1461(m) 1463(m) 1463(m) 1463(m) »ru
1435(sh) 1453(m) 1457(m) 1453(m) 1452(m) 6CH3
1405(m) 1412(vw) 1415(vs) 1410(w) 1410(w)
1306(s) 1308(vs) 1303(vs) 1304(vs) 1308(vs) pNCH3
1 2 1 0 (s) 1195(s) 1195(s) 1196(s ) 1190(s) vP=0
1166(m) 1164(sh) 1168(sh) 1165(sh) 1165(m) pNCH-
1106(w) 1115(s) 1 1 1 0 (s) 1150(s) 1135(s)
J
1067(m) 1085(m) 1070(s) 1075(s) 1075(s) vasNC2
lOOl(m.sh) 1002(w,sh) 10 10 (w,sh) 1005(w,sh) 1010 (w,sh) vasNC2
982(vs) 990(s) 980(vs) 990(s) 980(s) vsNC2
745(vs) 766(sh) 761(sh) 757(s) 756(s)
756(s) 750(s) 749(sh) 752(sh) V PN3
727(sh) 725(w,sh) 725(sh) 729(sh)
634(m) 657(w) 650(w) 650(w) 650(w) vsPN3
484(vs) 532(w) 523(m) 530(w) 510(m) PNC,
476(s) 478(s) 477(m) 480(s ) 2
380(m) 380(sh) - - 394(w) «0=PN3
355(m) 345(sh) 350(w,sh) 350(w,sh) 345(sh) 4sPN3
365(s) 380(br) 398(br) 374(m)
303(s) 300(s) 324(s) 324(s) H-Cl
287(s)
Table 3.2.4 IR Spectra of M(III)HMPA Adducts
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In the far IR region the two strong bands (365, 303, cm' 1 ( M = T i) ,  
380, 300 cm' 1 ( M = V), 398, 324 cm' 1 (M = Cr (purple) were assigned 
as Metal-chlorine stretching vibrations consistent with a fac (C3v) 
octahedral configuration (149). The green CrC l3 .3HMPA shows three such 
bands at 374, 324 and 287 cm' 1 in agreement with a mer (C2v) octahedral 
arrangement of ligands (F ig . 3 .2 .3 ). I t  is  unlikely that the broad 
band at «u 380 cm' 1 is  a pure M-Cl mode, and coupling with M-0 and 
internal ligand modes is  probable.
cu
Cl'
OP(NMe2)3
^OPlNMe2)3 Cl’ 
^ORNMe2)3 Cl' 
Cl M=Ti,V,Cr
QP(NMe2)3
ORNMe2)3
Cl
M
OP(NMe2)3 M=Cr
Fig. 3.2.3 Proposed Structures of MC13 .3HMPA
Band maxima and extinction coefficients characterising the electronic 
spectra of the complexes are as follow s:-
fac T iC l3 .3HMPA (v j) 16,310 cm' 1 (emax 4) 2Eg 2T2g , fac VC13 .3HMPA 
(v-,) 13,240 cm' 1 (emax17) 3T2g(F) -  3Tlg (F) , (v2) ,  19,880 cm' 1 
( emax20) 3Tlg (P) -  3l lg (F) * i2£ CrCl3 .3HMPA (v j) 13,260 ( ^ 4 0 )  
4T2g(p) - 4A2g(F) , (v2) 18,860 cm' 1 (cmax50) 4Tlg (F)  ^ % g(F) ,
mer CrCl3 .3HMPA (v ,) ,  15,150 cm 1 (ema*16.4) 4T2g(F) 4A2g(F) ,
(v2) 23,255 cm' 1 (emax19) 4T]g(F) 4A2g(F) . v3 in CrCl3 .3HMPA
(fac and mer) is  masked by an intense HMPA charge transfer band.
Isomerisation of fac C rC l3 .3HMPA to mer CrCl3 .3HMPA was achieved 
by addition of a small piece of Zn wire to a THF solution of the former, 
the reaction proceeding to completion within 24 hours. Attempts to
80.
isomerise T iC l3 .3HMPA and VC13 .3HMPA in a sim ilar manner yielded dark 
brown o i l s .  A complex of the type CrX3 .3L can theoretica lly  exist as 
both fac and mer isomers. In practice, however, only one isomer can 
usually be isolated, e .g . mer CrCl3 .3THF (149, 237). In a few cases, 
notably with the use of large 'bulky' ligands, examples of both 
stereochemistries have been achieved, i .e .  CrCl3 .3NH3 (93), CrCl3 .3THT(94) 
and CrC l3 .dien (95). For CrCl3 .3HMPA, the fac-isomer evidently results  
from conditions under k inetic control, with formation of the less 
strained mer isomer as the thermodynamic preference. Ease of isomerisation 
can be related to the 'bulk' of the ligand and to the nature of the 
metal atom-donor bond. Whereas mer CrCl3 .3THT is  spontaneously 
precipitated from benzene solutions of fac CrCl3 .3THT (94), conversion 
of blue fac CrCl3 .3NH3 to green mer Cr C13 .3NH3 is  only complete 
after three days at 426 K (93). HMPA which i s  re la tive ly  bulky, but 
is  an 0 donor (and should, therefore, form strong Cr-0 bonds) could be 
expected to give complexes which isomerise at a rate intermediate to 
CrCl3 .3THT and CrCl3 .3NH3. Attempts to induce thermal isomerisation 
(fac -*• mer) in solid  CrCl3 .3HMPA proved unsuccessful, with no observable 
isomerisation below 411 K (_the M.p. of fac CrCl3 .3HMPA), and decomposition 
occurring above 411 K to give free HMPA.
3.3.1 Complexes and reactions of (NMeg^Clj PS C* = 1 .2 ,3 ) with metal 
chlorides
The donor chemistry of the thiophosphoramides (NMe2 )xC l3_xPS (x = 1,2,3) 
with the metal and metalloid chlorides Ti (IV ), Zr (IV ), Hf (IV ), Sn (IV ),
Ge CIV), As ( I I I ) ,  Sb ( I I I ) ,  Sb (V), A1 ( I I I ) ,  Au ( I I I )  and B ( I I I )  was 
investigated. As predicted from consideration of ionisation potentials 
and thermodynamic data (203, 204), the reactiv ity  sequence
(NMe2)3PS > (NMe2)2ClPS > (NMe2 )C l2PS
was observed.
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(NMe2)3PS and (NMe2) 2CiPS gave well defined adducts with SnCl^, ZrCl^,
SbClg and HfCl^, while complexes of (NMe2 )C l2PS could only be formed 
with the strong acceptor SbClg. TiCl^ gave red/brown o ils  with both 
(NMe2)3PS and (NMe2) 2CiPS in MeN02 so lution; these gave dark red so lid s  
on careful addition of CgHg. Spectroscopic analysis showed no simple 
compounds, however, with varying amounts of coordinated nitromethane 
present, and th is  lin e  of research was not pursued further. Solution of 
AuCl-jin (NMe2 )C l2PS gave a deep orange solution, from which a crop of 
orange/yellow c ry sta ls  was obtained. The product was found to contain 
uncoordinated ligand (which could not be removed by standard techniques), 
the amount varying from sample to sample. Low values for XC1 in the 
an a lytica l data suggested reduction Au ( I I I )  -*• Au ( I )  as a major 
component of the reaction. The oxidation product is  proposed as 
(Me2N)Cl2PSSPCl2 (Me2N)2+ by analogy with the reported Cu (II)/(NMe2)3PS 
system (238).
No analogues to the known HMPA complexes of GeCl^, SbCl3 or A1Cl3 (207) 
were found with any of the (NMe2 )x^ 3 -xPS se r*e s* Lack donor 
behaviour is  here attributed to differences in hard/soft ch a ra c te r is t ic s  of 
the metal chloride and S donor atom rather than low b a s ic ity  of the 
ligands. Attempts to provide adducts of T i ,  V and Cr tr ich lo rid es by ligand 
exchange reactions were also  unsuccessful, T iC l3 .3THF, VCl3 .3MeCN and 
CrC l3 .3THF fa ilin g  to react with e ith er (NMe2)3PS or (NMe2 ) 2ClPS.
CrC l3 .2NMe3 gave the decomposition product Cr2C lg(NMe3 )3 when reacted with 
e ith er ligand in CgHg solution. Again, incom patibility in the hard/soft 
natures of the ligand and acceptor i s  proposed as the principal factor  
influencing re a c t iv ity .
3 .3 .2  Complexes with. SnCl^, ZrCl^, HfCl^ and SbClg
MeN02 solutions of SnCl4 , ZrCl4 and HfCl^ with a two-fold excess of
82 .
(NMe2)3PS and (NMe2)2ClPS as ligand gave, on standing, colourless c ry sta ls  
of the appropriate 1:2 adduct. Reaction of (NMe2)3PS with excess SnCl^ 
under sim ilar conditions gave crysta ls of the 1:1 adduct. SbClg.(NMe2 )3PS, 
SbClg.(NMe2)2ClPS and SbClg.(NMe2)C l2PS were prepared by direct 
interaction of SbClg and the appropriate ligand in CCl^. A ll the 
reactions were exothermic, but noticeably less so than with the formation 
of the analogous (NMe2)3P0 adducts, suggesting on an empirical basis 
that (NMe2)3RS is  less strongly bound to be metal halide than (NMe2) 3P0.
Decomposition in moist a ir  was a constant feature for a ll the adducts, 
those of (NMe2)2ClPS and (NMe2)C l2PS being p articu larly  susceptible to 
hydrolysis. Aqueous hydrolysis of SnCl4 .(NMe2)3PS with subsequent 
extraction of the products by CH2C1 2 did not yield  the 1 : 2  adduct as 
did SnCl^. (NMe2 )3P0. Evidence for ligand replacement was found in 
solutions of the complexes in coordinating solvents. So lub ility  in 
MeN02 was su ffic ien t in most cases to fa c il ita te  some solution studies, 
the exception being SbClg.(NMe2 )C l2PS, where almost instantaneous 
decomposition was found. The IR spectral data for MCl4 .2(NMe2)3PS,
(M = Sn, Zr, Hf), SnCl^.(NMe2)3PS and SbClg.(NMe2)3PS are summarised 
in Table 3 .3 .1 . Assignments are made after Kottgen et al_ (223) and 
Kincaid (239) and coworkers. Of particular interest are the changes 
in P=S stretching frequency on complexation. Factors influencing 
v(P=S) are complex. Donation of electron density (NMe2 P) which 
increases the P-S bond order is  offset by P(dir) - N(pir) back donation, 
which decreases the P-S bond order. A lowering in v(P—S) on substituting  
NMe2 for Cl in the series (NMe2)xC l3_xPS (752 cm'1 (PSC13) , 677 cm-1 
(NMe2 )C l2PS, 612 cm"1 (NMe2)2ClPS, 565 cm'1 (NMe2 )3PS) (223) shows, as 
expected, the la tte r  effect to be dominant. Complexation to a metal 
ion should, therefore, remove s-electron density, and providing
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(NMe2)3PS ZrCl*.2L HfCl4 .2L SnCl4 .2L SnCl4.L SbClg.L Assignment
3000(m) 3038(s) 3040(s ) 3020(w) 3010(w) 3010(sh)
2930(s) 3017(s) 3015(s) 3005(m) 2950(m) 2958(m)
2890(s) 2960(s) 2958(s) 2941(w) 2931 Cm) 2934(m)
2841(m) 2931(s) 2925(sh) 2930(s) 2858(w) 2918(m) vCH,
2798(m) 2860(w) 2853(w) 2900(s) 2820(w) 2870(w) 3
2820(w) 2820(w) 2830(m) 2730(vw) 2830(w)
2733(w) 2731(w) 2818(w)
2624(w) 2626(w) 2808(w)
1477CS) 1487(sh) 1486(w) 1480(s) 1481(s) 1486(m)
1455(s) 1468(s) 1466(w) 1455(s) 1459(s) 1464 (in)
1409(w) 1457(m) 1456(s) 1414(w) 1445(sh) 1450(sh)
1431(w) 1432(w) 1409(w) 1413(w) 1415(w,br) 6CH-
1412(w) 1413(w) 1386(vw) 1365(w,br) U> CT> < 3
1402(w) 1401(w)
1377Cw) 1376(w)
1366(w) 1366(w)
1285(s) 1301(m) 1301 Cm) 1299(m) 1298(s,br) 1305(s,br)
1270(s) 1283(m) 1282(m) 1290(m) 
1262(w)
psNCH3
1189(s ) 1173(m) 1174(m) 1174(m) 1182(sh) 1165(s,br)
1151(sh) 1159(m) 1159(m) 1150(w,sh) 1170(s) p NC,
1144(m) 1144(m) 1147(w 1145(sh) Has 2
1115(m) 1115(m,br)
00o 1115(vw)
1061(s) 1061(m) 1061(m) 1067(m) 1064(m) 1053(m) vasNC2
982(s) 1001(s) 1001 (s) 995(m) 995(vs,br) 1003 ( s ) V NCo
963(sh) 975CS) 974(s) 981(s) 988(m) S 2
739(s) 866(w) 867(w) 865(w) 867(w) 748(m)
722(s) 860(m) 861(m) 804(m,br) 773(m) 723(m)
vasPN3768(s) 769(s) 775(w) 758(m) 654(m)
749(m) 748(m) 741(m) 747(m) +vasPN3
725(m) 723(m) 723(w) 724(w)
658(vw) 
612(s
615(s) 681(s) 673(s)
Table 3.3.1 (Continued)
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(NMe2)3PS ZrCl4 .2L HfCl4 .2L SnCl4 .2L SnCl4 .L SbClg.L Assignment
565(m) 550(m) 548(m) 546(s ) 537(m) 515(m) < TD II (/>
503
458(m) 
431(sh)
473(w)
432(w)
474(w) 
432(w)
450Cm) 443(w)
443(w)
$PCN2
378(w) 376(vw) 
360(vw)
380(w)
5asNC2
302(vs) 283(vs) 313(vs) 353Cs)
324(vs)
345(vs) M-Cl
Table 3.3.1 IR Spectral Data of (NMe2)3PS Complexes
M(dir) -*■ S(p,dn) back bonding is  sm all, w ill lower the P-S bond order and 
v (P = S ), and increase N(pw) - P(dn-) bonding. With Zr, Hf (d°) or Sn,
Sb (d10) , M-S back bonding is  lim ited by the absence of available electron 
density on the metal atoms, and the complexes show a low energy sh ift  
of v(P— S ), e.g . 15 cm“ 1 ZrCl4 .2(NMe2)3PS and 50 cm“ 1 SbClg.(NMe^PS in 
accordance with S donation. No evidence could be found for bands at 622 and 
630 cm' 1 in the spectra of SnCl4 .2(NMe2)3PS and ZrCl4 .2(NMe2)3PS 
respectively , described by Le Coz and Guerchais (205) as v(P=S) modes.
I t  is  possible that the band quoted at 630 cm" 1 for ZrCl4 .2(NMe2)3PS is  
the band found at 612 cm' 1 in th is  work, which has been assigned as a 
P-N stretch .
Increase in P(dir) * N(pir) bonding produces asymmetry in the ligand 
and resu lts in multiple sp litt in g  of the P-N stretching frequencies.
The strong P-N bands in the spectrum of (NMe2)3PS at 739 cm“ 1 (vsPN3) 
are found in the complexes as a se rie s  of bands in the 867-612 cm" 1 
range. Variations in acceptor behaviour of the metals cause the P-N bands 
to s p l it  to different extents, making correlation between individual bands
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d if f ic u lt . Consequently, no attempt has been made to sp e c if ica lly  
assign each band. Sp litting  was also found for the CH and PasNCH3 
bands. In addition to the sp littin g  caused by inequivalence of the 
NMe2 groups (jt.e . sp2 vs. sp3) ,  differences in s ite  symmetry may also 
play a part. Another possible contribution to pNCH3 m u ltip lic ity  is  
the weak band at 1105 cm"1, which only appears in the Raman spectrum of 
(NMe2)3PS (N.B. this could become IR active in the spectra of the 
complexes with the lowering of ligand symmetry).
Strong metal halide stretching vibrations at 302 cm" 1 (ZrC1^.2(NMe2) 3PS, 
283 cm-1 (HfCl4 .2(NMe2 ) 3PS), 313 cm" 1 (SnCl4 .2(NMe2 ) 3PS) are in 
accordance with an octahedral trans (D^) arrangement of ligands. This 
geometry is  not unexpected considering the bulky nature of the ligand 
(the analogous (NMe2 )3P0 complexes also have a trans configuration (213) ) .
An octahedral (C4v) geometry is  proposed for SbCl5 .(NMe2)3PS on the 
basis of previous structural work, although only one (345 cm"1) of the 
three (a-j + 2e) expected M-Cl bands could be seen in  the low IR spectrum.
I t  is  possible that two or more bands are coincidentally isoenergetic, 
or that the remaining two bands appear below 200 cm"1. The structure 
of SnCl4 .(NMe2)3PS is  less well defined by the pattern of M-Cl bands 
than those o f the other complexes. Only two strong bands at 353 and 324 cm" 1 
are found in the low IR as opposed to the three bands seen in the spectrum 
of SnCl4 .(NMe2)3P0. Rather than invoke a halide bridged dimeric structure 
(which is  common for T iC l4 .L (87-89) but not for SnCl4 .L (230) ) i t  seems 
preferable to assign a trigonal bipyramidal (C3y) structure to 
SnCl4 .(NMe2) 3PS and assume that two of the SnCl bands are isoenergetic.
The IR spectra of the (NMe2)2ClPS (Table 3 .3 .2) and (NMe2)C l2PS 
complexes show sim ilar trends to those found with (NMe2)3PS sh ifts  to
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(NMe2)2CiPS ZrCl4 .2L HfCl4 .2L SnCl4 .2L SbClg.L Assignment
3006(w) 3038(w) 3031(w) 2970(sh)
2952(m) 2960(w) 30l0(w) 2943(s,br)
2922(sh) 2941(s ,b r) 2955(w) 2860(w) vCHo
2893(sh) 2721(w) 2930(s) 2828(w) O
2848(w) 2635(w) 2858(w)
2806(w) 2827(w) 
2811(w)
1471(sh) 1483(sh) 1475(m) 1478(m)
1450(m) 1456(s ) 1458(s) 1451 (s ,b r)
1409(w) 1424(m) 1450(sh) 1418(w) 6CH3
1405(w) 1412(m) 1391(w)
139.7(w) 1397(w)
1376(w) 1318(w)
1290(m) 1330(w) 1313(m) 1302(s,br) 1304(s,br)
psnch31270(sh) 1297(s) 1301(m)
1186(m) 1215(w) 1245(w) 1177(m) 1156(s,br)
1156(m) 
1 1 0 1 (vw)
1165(s)
1155(sh)
1230(w) 
1176(m)
1164(m) 
1152(m) PasNCH3
1128(m) 
1 120(w) 
1 1 1 1 (w)
1 1 1 2 (w) 1 1 2 1 (m)
1061(m) 1060(s) I068(s)
1048(s)
1062(s) 1057(s )
vasNC2
989(s,br) 1004(vs) 10 12 (s) 998(s,br) 1022(w)
964(s) 988(m) 998(w) 963(sh) 10 10 (m) vsNC2
992(s)
756(s,br) 856(s) 884(s) 8l 0(w) 868(s)
737(sh) 780(s) 811(s) 778(w) 805(w)
724(w) 760(s) 763(w) 787(w) vasPN2
698(m) 726(m) 755(w) 776(w) +vsPN2
730(s) 719(w)
695(w) 704(w)
654(w) 614(m)
Table 3.3.2 (continued)
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(NMe2) 2ClPS 7rCl4 .2L HfCl4 .2L SnCl4 .2L SbClg.L Assignment
612(s) 577(s ) 575(m) 574(s) 580(m) vP—S
489Cm) 509(s ) 495(m) 498(m) 490(m) v$PCl
435Cvw)
413(vw)
4C2(w) 
415(w)
440(w) 
389(w)
455(vw)
426(w)
6PNC2
354(w) 356(w)
s s PN2
305(vs,br) 285(vs.br) 316(vs,br) 346(vs,br) vM-Cl
Table 3 .3 .2  IR Spectral Data of (NMe2)2ClPS Complexes
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lower energy of between 32 and 38 cm“ * were found for the v(P=S) band 
in the complexes, in accordance with S donation. Kincaid et al^  (239) 
have suggested that fivCP=*S) on complexation w ill be larger for 
those ligands possessing the greatest amount of PS multiple bonding. An 
example of th is  was found with the complexes of (NMe2)2ClPS and 
(NMe2)3PS with Sn CIV), Zr (IV ) and Hf ( IV ) , where Av(P=S) was greater 
for the (NMe2J2ClPS complexes than the corresponding (NMe2)3PS adducts. 
The v(R=S) sh ift  in SbClg.(NMe2 ) 2ClPS, however, presents an intriguing  
problem. According to the hypothesis of Kincaid et al^  (239), the v(P = S)  
s h if t  of SbCl(N M e2)2ClPS should l ie  somewhere between the 50 cm-  ^
s h if t  for SbClg.(NMe2) 3PS and the 108 cm~^  sh if t  found for SbClg.Cl^PS 
(219). The observed s h if t  was found to be only 32 cm~^ . Misassignment 
o f the P=S stretching bands in both SbClg.(NMe2)2ClPS and SbClg.(NMe2 )3PS 
i s  u n like ly , as in both cases, a l l  bands to lower energy can be 
assigned unambiguously, as e ither P-Cl or «(PNC) modes. Unfortunately, 
no data is  availab le fo r v(P=S) from the spectrum of SbClg.(NMe2 )C l2PS, 
as sp litt in g  of vP-N creates a multitude of bands in the 784-610 cm-1  
region, making an accurate assignment of v (P = S ), impossible. I t  does, 
however, seem reasonable that the band at 572 cm-1 in SbClg.(NMe2 )C l2PS 
corresponds to the unassigned 569 cm~^  band in the free ligand (vP-C l?) 
and that Av(P=S) i s ,  therefore, <67 cm“\  the 610 cm-1 band being 
the lowest energy candidate for v (P = S ). An explanation of the v(P=rS) 
sh ifts  in the SbClg complexes on the basis of the simple Kincaid model 
probably f a i l s  in th is  case because substituent resonance effects are  
ignored. Molecular o rb ita l calcu lations and/or extensive crystallographic  
studies would seem to be the only way of resolving th is  problem.
As with the (NMe2)3PS complexes, extensive sp littin g  of the P-N 
and C-N bands resu lts from the reduction in ligand symmetry on complex 
formation. In contrast, vP-Cl modes are found as single bands throughout
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the spectra of the complexes. For the CNMe2)2CipS adclucts» the observed 
-1 3*5vP-Cl sh ift  <20 cm . I t  has been established by Cl NQR experiments 
that P-Cl tt bonding in phosphoryl-type molecules is  present, but very 
weak (240, 241). The increase in a v a ilab ility  of P(d) o rb ita ls for n 
bonding which causes sp littin g  of the vP-N and vC-N modes has l i t t l e  
effect on the P-Cl bonding and the vP-Cl stretch remains invariant.
An octahedral trans (D4h) symmetry was proposed for MCl4 .2(NMe2)2ClPS 
CM = Zr, Hf, Sn) on the basis of strong metal halide vibrations at 305, 285 
and 316 cm“  ^ respectively. In th is respect the complexes d iffe r from 
the ir (NMe2 ) 2ClP0 analogues which have been assigned as c is  (C2v) (205).
Two possible factors influencing the change in geometry on going 
from an oxygen to sulphur donor are differences in O'vO and S-^ S 
attractive  forces (which s ta b ilise  the c is  form)(118), and the fact 
that (NMe2)2ClPS being asymmetric w ill be s lig h t ly  more bulky than 
(NMe2)2ClP0, and, therefore, favour a trans structure. SbClg.(NMe2)2ClPS 
and SbClg.(NMe2)C l2PS are interpreted as being of octahedral (C4v) 
geometry by sim ilar reasoning to that used to establish the structure 
of SbCls .(NMe2)3PS.________________________________________________________
Complex
L = (NMe2)3PS L = (NMe2)2ClPS
’ h 31P ’ h 3 1 P
L 2.65 81.15 2.73 91.4
SnCl4 .2L 2.80 79.84 2.77 86.87
SnCl4 .L 2.91 - - -
ZrCl4 .2L 2.85 84.67 3.04 -
HPC14 .2L 3.03 88.67 3.02 -
SbClg.L 3.04 60.23 3.38 -
Table 3 .3 .3  and 31P Spectra of the (NMe2)3PS and 
(NMe2)2ClPS Complexes. (MeN02 so ln ., T = 298 K)
The available and 3V  NMR data for the (NMe2)3PS and (NMe2) 2ClPS complexes
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i s  summarised in Table 3 .3 .3 . P ara lle ls  to the behaviour found for
the HMPA complexes ex ist in  the spectra of the thiophosphoryl compounds.
No sig n ifican t change in the value of the P-H coupling constants
(J(P-H) (NMe2)3PS = 10-12 Hz, J(P-H) (NMe2)2ClPS = 14-16 Hz) occurred
on complexation. The spectra of the MCl4 .2(NMe2)3PS (M = Zr, Hf)
complexes show a reduction fn both phosphorus and hydrogen electron
density as evidenced by the downfield sh if t  of both resonances. A strong
metal-sulphur bond is  thus implied. The 31P spectra of SnCl4 .2(NMe2)3PS
and SnCl4 .2(NMe2)2ClPS present the converse situ atio n . In the case of
Sn (IV) N -*■ P electron donation s lig h tly  exceeds the loss in P density
caused by the reduction of the P=S bond order, resulting in a
small upfield 31P sh ift  (Ad SnCl4 .2(NMe2)3PS = 1.31 ppm, SnCl4 .(NMe2)2ClPS =
4.53 ppm). This, coupled with the very small downfield sh ifts  found
in the corresponding sp ectra , suggests a weaker metal-sulphur bond
than that found in the Zr and Hf complexes. A large increase in phosphorus 
31electron density (A4 P = 21-82 ppm), and a large decrease in both 
proton electron density (Ad = +0.25 ppm), and PS bond order (Av PS = -50 cm" )^ 
in the spectra (3^P, H^ and IR) of SbClg.(NMe2)3PS are taken as evidence 
of dipolar character in the P:=S bond, i .e .
(NMe2)3PSe provides an example where the dipolar nature of the phosphorus 
chalcogen bond has already been established (191, 192).
Temperature dependent line broadening was found to be a feature of
Cl
(
the spectra ^H and 3 1P) o f SnCl4 .(NMe2) 3PS, SnCl4 .2(NMe2)3PS and
SbClg.( NMe2)3PS, Indicating some sort of dynamic behaviour in solution.
Two possible sources of such broadening a re :-
(a) Non-equivalence between NMe2 groups within the coordinated ligand 
and (b) Ligand exchange.
Sp litting  of the P-N stretching modes in the IR spectra of the adducts
was attributed to inequivalent NMe2 groups in the so lid  state . I f  th is
behaviour was carried over into solution, i t  could account for the
broadened resonances in the H^ NMR spectra. The P nucleus, however,
is  presented with an averaged view of a l l  three NMe2 groups and should
give sharp resonances irrespective of the state of the NMe2 substituents.
31Broadening of the P resonances, therefore, suggests that the NMe2 
groups are either equivalent in solution, or 'exchange' su ffic ie n tly  fast 
to remain unobserved by NMR.
To investigate the second p o ss ib ility  (ligand exchange) the 
SbClg/(NMe2)3PS system was studied in some d e ta il. Evidence that an 
exchange process ex ists comes from the NMR spectra obtained for a 
mixture of equimolar solutions of SbClg.(NMe2)3PS and free  
SbClg(NMe2)3PS (Fig . 3 .3 .1 ). The spectrum at 313 K represents the 
fast exchange lim it, the sh ift  (6 2.82) being intermediate between 
that of the free ligand (« 2.65) and that of the complex (6 3 .04).
Lowering the temperature induces broadening via a slowing down of 
the exchange process until at 283 K, P-H coupling could no longer be 
resolved. At temperatures between 263 K and 253 K, the single resonance 
sp lit s  into two, corresponding to SbClg(NMe2)3PS and free (NMe2) 3PS.
At 233 K (M.p. CD3N02 = 238 K), ligand exchange between free and bound 
(NMe2) 3PS is  su ffic ien tly  slow to enable the P-H coupling to be resolved 
in each resonance.
Having established that for the SbClg/(NMe2)3PS system ligand
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exchange lie s  somewhere between the slow and fast exchange lim its in the 
313 K - 233 K range; th is knowledge can now be applied to the original 
spectra for SbClg.(NMe2) 3PS (F ig . 3 .3 .2 ). One immediate difference 
is  that the resonances are broadened to a much smaller extent than when 
a molar excess of ligand was used, i .e .  SbClg.(NMe2)3PS + (NMe2)3PS as 
above. An equilibrium of the type:-
SbCl5 .(NMe2) 3PS — =?-----  SbClg + (NMe2)3)PS
is  proposed. The extent to which dissociation occurs is  not known, but 
needs only be in the order of 1 - 2% to account for the observed 
broadening phenomenon. Spectra measured for SbCl g.(NMe2) 3PS (Fig. 3.3.2) 
do not represent the true chemical sh ift  of the complex but appear as 
weighted intermediate values between the unobservable true sh ift of 
SbClg.(NMe2)3PS and that of free (NMe2) 3PS. The weighting is  dependant 
upon the unknown degree of dissociation. The free and bound (NMe2)3PS 
resonances broaden each other by ligand exchange. Since the amount of 
broadening observed is  proportional to the concentration of the species 
producing the broadening, the SbClg.(NMe2)3PS resonance suffers only 
a small linewidth change ( i .e .  only a small amount of free ligand).
The free (NMe2)3PS resonance, however, is  affected by SbClg.(NMe2)3PS 
which is  in large excess, and is  consequently broadened so much that i t  
becomes unobservable.
Ligand exchange undoubtedly also occurs in the SnCl4/(NMe2)3PS 
systems, but here the situation i s  complicated by the presence of two 
stable interrelated species (SnCl4 .2(NMe2)3PS and SnCl4 .(NMe2 )3PS) which 
are lik e ly  to have different ligand exchange rates. The small temperature 
dependant chemical sh ifts  seen in the spectra of SnCl^.(NMe2)3PS in 
addition to lin e  broadening are a further indication of the complexity
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Fig. 3.:
313 K
293K
263K (x2)
253 K (*2)
233K
J.l NMR Spectra (220 MHz, so ln ., r e l . TMS) for
SbCl5 .(NMe2) 3PS + (NMe2) 3PS (1 :1 ).
Fig.
343 K
t.3.2 ] H NMR Spectra (220MHz of SbCl5. (NMe2)3PS, CD3N02 soln. ,
r e l . TMS.
9 3 .
of the system.
3.3.3 Reaction of (NMeg)gCIPS with BC1^
Reaction of BC13 with a three fold excess of (NMe2)2ClPS (CH2C12 so ln ., 
298 K) gave no isolable coordination compound. Instead, over a four 
month period, large colourless crysta ls of (BCl2NMe2 )2 were deposited 
from solution. The product was identified by m icroanalysis, and by 
i t s  NMR spectrum (Fig. 3 .3 .3 ) . The sing le  septet seen in the NMR 
spectrum (242) results from long range coupling to two equivalent 
nucleii (243).
3-0 6 2-5
Fig. 3.3.3 'H NMR Spectrum of (BCl2NMe2)2, (CDCI3 , 220 MHz)
The other reaction product, although not identified was taken to be
94.
(NMe2)C12PS, t .e . BC13 + (NMe2)2ClPS -► (BCl2NMe2)2 + (NMe2 )C l2PS.
Exchange between dialkylamino and halo substituents has previously been 
noted for phosphoramide and thiophosphoramide compounds with certain  
organosilicon compounds (244), and in the Cl^PY/BiNR^j (Y = 0, S,
R = Me, Et) systems (245). The mechanism of the reaction ra ises an 
interesting point. A sulphur coordinated BClj.iNMe^gClPS complex as 
a possible reaction intermediate is  hampered by the large distance between 
the phosphorus and boron reaction centres. A mechanism involving the 
elusive  coordination through a NMe2 group, however, enables the reaction 
to be explained in  terms of a simple 'four centre' transition sta te , i .e .
Dimérisation of the liquid BCl2 (NMe2) to the c ry sta llin e  so lid  
(BCl2NMe2)2 proposed as the terminal step of the reaction scheme, has
B— S=F*—
^ N M e 2
(B C l2NMe2)2 —  BCl2NMe2 + (NMe2)Cl2PS
been found to be slow both as a pure liq u id , and In solution (t*  = 35 h r .,  
1.7 M in C6H6, 298 K)(246).
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3.4 Experimental
3.4.1 Preparation of ligands
(a) (NMeg)ClgPS. Dimethyl amine (250 ml , 3.77 mmol) was added 
dropwise from a cooled (195 K) dropping funnel to a solution of C l3PS 
(192 mis, 1.89 mol) in dry EtgO (1 l i t r e ) ,  also cooled to 195 K. An 
immediate reaction occurred producing a voluminous precipitate of 
Me2NH2+Cl” according to the reaction
On completion of addition, the reaction mixture was allowed to warm to 
room temperature. The precipitate was removed by f ilt ra t io n , and washed 
with 2 x 500 ml portions of dry EtgO. Combining the f i lt r a t e  and 
washings and removal of the EtgO on a rotary evaporator gave the crude 
product, which was d is t il le d  in vacuo (B.p. 313 K/0.6 irm) to give 
(NMe2 )C l2PS as a colourless mobile liquid (283 g, 84.3%).
(b) (NMe2)gClPS. Under the same reaction conditions as above,
Cl^PS (95.4 mis, 0.94 mol) reacted with Me2NH (250 mis, 3.77 mol) to give 
(NMe2) 2ClPS as a
colourless low melting point so lid  (136g, 77.52%) (B.p. 328 K/0.4 mm)
(c) (NMe2 )gPS. Me2NH (<vl00 ml, 1.5 mol) was d is t ille d  in vacuo 
into a single ampoule glass bomb containing (NMe2)2ClPS (58 g, 0.31 mol) 
at 77 K. On warming to room temperature, a strongly exothermic reaction 
occurred which was moderated by placing the bomb in an ice bath. After 
opening, the bomb was purged with dry N2 to remove excess Me2NH, and 
the product extracted with 5 x 100 ml portions Et20. Removal of solvent 
and d is t illa t io n  in vacuo (330 K/0.15 mm) yielded (NMe2)gPS as a colourless
C l3PS + 2Me2NH
E t20
195 K
C13PS + 4Me2NH
Et20
(NMe2)2ClPS + 2Me2NH2Cl
195 K
96.
cry sta llin e  solid  (57.6 g, 95.2%).
3.4.2 Preparation of HMPA complexes
(a) MCI/, .2HMPA (M = Ti t Zr, Hf, Sn) . The complexes MC14 .2HMPA
(M = T i ,  Zr, Hf, Sn) were prepared by the addition of a two-fold excess 
of HMPA to a solution or suspension of the metal tetrachloride in MeN02 
solution according to the method of Sadie and Dupreez (208). 
Recrystallisation  was achieved from either CH2C12, MeN02, or in the case 
of T iC l4 .2HMPA, CgHg.
(b) Snl/,.2HMPA. Direct addition of HMPA (1.3 g, 6.9 mmol) to
Snl4 (2.1 g, 3.3 mmol) in CH2C12 solution gave the dark brown cry sta llin e  
product, purified as described above. Yield (3.1 g, 95%) M.p. 419-421 K 
(uncorr.) .
Analysis based on ci2H36N6P2°2SnI4
Calculated C(14.6) H(3.7) N(8.5) P(6.3) 1(51.5) %
Found C(15.0) H(3.9) N(8.9) P(5.6) 1(51.2) %
«
(c) TiCl/, .HMPA. Ti Cl 4 (1 ml, 9.1 mmol) was carefu lly  added to a 
solution of HMPA (1.63 g, 9.1 mmol) in CH2C12 (5 mis) to give a bright 
orange solution, which on standing gave bright orange cubic crystals of 
T iC l4 .HMPA. The product was recrysta llised  from CH2C12. Yield 2.8 g, 83%.
Analysis based on CgHlgN3P0TiCl4
Calculated C(19.5) H(4.9) N(11.4) C l(38.4) %
Found C(19.5) H(5.1) N(11.4) C l(38.5) %
A m = 1.53 iT^cm^mol-  ^ at 1 x 10^ M concentration, (CH2C12, 298 K ).
(d) 2T i Cl y, .HMPA. Slow addtion of HMPA (1.0 g, 5.7 mmol) to Ti Cl ^
(2.3 g, 12.0 mmol) each dissolved in * 5  mis MeN02 produced an in it ia l dark
red o i l ,  which so lid if ie d  after standing for several days. The so lid  was 
carefu lly  washed with, n-hexane to give the dark red product (2.6 g, 81%). 
M.p. 400-402 K (u n co rr.).
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Analysis based on C6Hi8N3P0T 2^C12
Calculated C(_12.9) H(3.2) N(7.5) P(5.5) Cl (50.8) %
Found C(12.6) H(.3.2) N(7.6) P(5.6) Cl (50.9) %
A  ^ = 0.18 n_ c^m2mol_  ^ at 1 x 103M concentration (CH2C12, 298 K ).
(e) SnCl/| .HMPA. Direct addition of HMPA (1 .0  g, 5.7 mmol) to 
SnCl^ (3.1 g, 12.0 mmol) each dissolved in ~5 ml MeN02 gave the white 
cry sta llin e  product which was well washed with n-hexane, and thoroughly 
pumped dry to remove excess SnCl^. Yield 3.3 g, (62%). M.p. 361-362 K 
(uncorr.).
Analysis based on CgH^ gN P^OSnCl^
Calculated C(16.4) H(4.1) N(9.5) C l(32.5) %
Found C(15.8) H(4.0) N(9.1) C l(32.9) %
A  ^ = 0.23 n" c^m2mol_1 at 1 x 10~3M concentration (CH2C12, 298 K).
(f)  T iC l3 .3HMPA. TiClg (1.6 g, 10.3 imol) was extracted into 200ml
dry THF, and HMPA (5.5 g, 31 mmol) was added to the resulting purple solution. 
The pale blue product which precipitated on p artia l removal of solvent 
in vacuo was co llected , washed with n-hexane and pumped in vacuo for 
several hours. Yield 6.8 g (95%). M.p. 381-383 K (uncorr.).
Analysis based on C^Hg^NgPgOgTiClg
Calculated C(31.2) H(7.9) N(18.2) P(13.4) C l(15.4) %
Found C(31.1) H(7.9) N(18.4) P(13.2) C l(15.4) %
A M = 0.10 fi^ciiMnol“ 1 at 1 x 10”3M concentration (CH2C12, 298 K).
(g) VC13 .3HMPA. VC13 (2.6 g, 16.5 mmol) and HMPA (8.9 g, 50 mmol) 
reacted as for T iC l3 -3HMPA to give the product as a pink solid (10.5 g, 91%).
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M.p. 401-403 K (uncorr.).
Analysis based on C^gH^NgP^O^VClj
Calculated C(31.1) H(7.8) N(18.1) P(13.4) C l(15.3) *
Found C(31.3) H(7.9) N(18.2) P(13.7) C l(15.3) %
A m = 0.12 n c^m2mol”  ^ at 1 x 10-3M concentration (CH2CI2» 298 K).
(h) fac CrCl3 .3HMPA. Extraction of CrCl3 .2NMe3 (2.7 g, 9.6 mmol) 
with dry benzene into a solution of HMPA (5.2 g, 29 mmol) also in benzene, 
gave the product as a purple solid on partial removal of solvent. Yield 6.4 g 
(96%). M.p. 411-412 K.
Analysis based on C]8H54N9P3°3CrC13
Calculated C(31.0) H(7.8) N(18.1) P(13.3) Cl (15.3) %
Found C(.31.2) H(8.0) N(18.3) P(.13.3) Cl (15.3) %
AH| = 1.1 n“ c^m2mol~^  at 1 x 10”3M concentration (C^Clg, 298 K).
( i )  mer CrC1 .^3HMPA. A mixture of CrCl3 (1.5 g, 9.2 mmol) and Zn
dust (0.2 g) was sealed in a glass ampoule with HMPA (5.0 g, 28.1 nmol)
3
and dry THF (200 cm ). The resultant green solution was f ilte re d , and slow 
removal of solvent gave the product as dark green cry sta ls . M.p. 359-360 K. 
Analysis based on C-|gHg4NgP303CrCl3
Calculated C(31.0) H(7.8) N(18.1) P(13.3) C l(15.3) %
Found C(31.3) H(7.8) N(18.2) P(13.1) C l(15.2) %
A hj = 1.4 n- 1 cm2mol_1 at 1 x 10"3M concentration (CHgC^. 298 K).
3.4.3 Complexes of (NMeg)yC l3 XPS
SnCl4 . 2(NMe2)3PS and ZrCl^^iNMegJgPS were prepared by addition of 
a two fold excess of ligand to a solution of the appropriate metal halide 
in MeN02 according to the method of LeCoz and Guerchais (205). Both 
complexes were recrysta llised  from warm Mel^.
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(a) SnCI/pCNMe.JjPS. Dropwise addition of (NMe2)3PS (1.6 g, 8.2 mmol) 
in MeN02 (5 ml) to SnCl4 (1 ml, 2.226 g, 8.5 mmol) also in MeN02 (5 mis) 
gave on cooling, colourless c ry sta ls  of SnCl4 .(NMe2)3PS.
Analysis based on C6Hi8N3PSSnC 4^
Calculated C(15.8) H(3.9) N(9.2) C l(31.1) %
Found C(15.9) H(3.9) N(9.0) C l(30.8) %
(b) SnCl/|.2(NMe2)2ClPS. SnCl4 (1 ml, 8.5 mmol) and (NMe2 )2ClPS 
(3.5 g, 18.7 mmol) reacted as above gave off-white c ry sta ls , which on 
recrysa llisa tio n  from warm MeN02 afforded SnCl4.2(NMe2)2ClPS as a white 
cry sta llin e  so lid . Yield 1.89 g (35.1%).
Analysis based on cgH24N4P2S2SnC 6^
Calculated C(15.16) H(3.8) N(8.9) PC9.7) S(10.1) C l(33.5) %
Found C(15.3) H(3.9) N(9.0) P (9 .5) S(10.3) Cl(33.3) %
A1^  = 1.5 iT c^m^mol"  ^ at 1 x 10'^M concentration (CH2C12, 298 K).
(c ) ZrClv 2(NMe? )2ClPS. (NMe2)2ClPS (9.2 g, 24.6 mmol) in MeN02
(10 mis) was carefu lly added to a suspension of ZrCl4 (2.6 g, 11.2 mmol) in 
MeN02 (10 mis) the rate of addition being controlled as to keep the 
reaction mixture in slig ht excess of room temperature. The pale yellow 
solution thus formed gave colourless crysta ls of ZrCl4 .2(NMe2) 2ClPS on 
standing. Yield 4.2 g, (61.9%). Increasing the reaction temperature 
resulted in extensive decomposition of the complex which reduced yield  
dram atically.
Analysis based on CgH24N4P2S2ZrClg
Calculated C(15.8) H(4.0) N(9.2) C l(35.1) %
Found C(15.5) H(4.0) N(9.1) C l(35.2) %
(d) HfClr 2(NMe? )3PS. (NMe2)3PS (1.33 g, 6.8 mmol) and HfCl4 (0.92 g,
2.9 mmol) reacted in MeN02 (7 mis) as above to give HfCl4 .2(NMe2)3PS, which
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was recrystal 1ised from warm MeN02 as a white m icrocrystalline so lid .
Yield 1.6 g (66.2%).
Analysis based on c-| 2H36N6p2S2HiC14
Calculated C(20.3) H(5.1) N(11.8) C l(19.9) %
Found C(20.0) H(5.0) N(11.8) C l(20.1) %
A  ^ = 1.5 iT^cm^mol“ * at 1 x 10-3M concentration (CHgCl.,, 298 K)
(e) HfCly,.2(NMe2 )2ClPS. (NMe2)2ClPS (1 .5  g, 8.0 mmol) and HfCl4 (0.92 g,
2.9 mnol) reacted as for ZrCl4 .2(NMe2)2ClPS to give the product as 
colourless m icrocrystals. Yield 1.7 g (84.5%).
Analysis based on cgH24N4P2S2HfC16
Calculated C(13.8) HC3.5) N(8.0) Cl(30.07) %
Found C(13.5) H(3.9) N(7.7) C l(31.0) %
(f) Sb.Cl5 .(NMe? ) 3PS. (NMe2)3PS (1.6 g, 8.2 mmol) in dry CC14 (150 mis)
was added dropwise to a solution of SbClg (1.0 ml, 2.34 g, 7.8 mmol) in
CC14 (200 mis) over a 2 hour period. On continued stirr in g  of the pale
yellow solution thus formed, SbClg.(NMe2)3PS precipitated from solution  
as a pale yellow so lid . I t  was collected, and washed in vacuo with 
CC14. Yield 2.3 g (59.7%). The complex was also obtained as bright 
yellow needles by recrysta llisatio n  from MeN02 (Yield <\.10%).
Analysis based on cgHi8N3PSSbC15
Calculated C(14.6) H(3.7) N(8.5) Cl(35.8) %
Found C(14.4) H(3.9) N(8 .8) Cl(35.8) %
A = 1.5 n^cn^mol“ 1 at 1 x 10~3M concentration (CH2C12, 298 K).
(g) SbClg.(NMe2 )2ClPS. Reaction of (NMe2)2ClPS (1.12 g, 6.0 mmol) and 
SbClg (0.7 mis, 5.4 mmol) as above gave the product as a white so lid .
Yield 2.0 g (76.3%).
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Analysis based O^H^NgPSSbClg
Calculated 0(10.0) H(2.5) N(5.8) C l(43.8) %
Found C(10.1) H(2.6) N(5.8) C l(43.6) %
(h) SbCl5 .(NMe2 )C l?PS. (NMe2)2ClPS (1.39 g, 7.8 mmol) and SbClg (o.9 ml, 
7.0 mmol) when reacted as for ShCl(NM e2)3PS gave the product as a 
white so lid . Yield 1.9 g (56.8%).
Analysis based on CgHgNPSSbCl^
Calculated 0(5.0) H(1.3) N(2.9) C l(52.0) %
Found C(5 .1) H(1.5) N(2.9) C l(51.2) %
Bands were observed in the IR spectrum a t :-
3005(w), 2955(s), 2936(sh), 2870(w), 1470(w), 1460(s), 1425(w)
1410(w), 1298(s,br), 1150(m), 1148(sh), 1049(m,br), I007(s,br),
971(w), 784(s), 721(sh ), 741(sh ), 730(sh), 723(m), 665(m), 646(m),
6 l0 (s), 572(s,br), 479(m), 483(m) and 343(vs,br) cm-1 respectively.
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CHAPTER 4
4.1 INTRODUCTION
The Group ( IVA) amides and Group (IVB) amines exhibit a wide range 
of chemical behaviour due to the presence of a d irect metal-nitrogen 
linkage. These compounds can be prepared either by aminolysis, or 
litho-am inolysis of the metal-halogen bond,
M-Cl + 2NHR2 -------------- > M-NR2 + NHR2 .HC1 (M = Si, Ge)
M-Cl + LiNR2 -----------> m-nr2 + Li Cl (M = Sn, Ti,
The products are usually liq u ids, or low melting point molecular so lid s ,
which can be conveniently purified by either d is t illa t io n  or sublimation
in vacuo. The M-N bond is  essen tia lly  covalent in character giving well
defined M-N stretches in both IR'and Raman spectra (247-250). Despite the
high rea ctiv ity  of these compounds i t  is  not due to a weak M-N bond
.1
(e .g . D(Ti-N) in Ti(NEt2)4 = <v306 KJmol ) (251).
The chemistry of M-NR2 species has attracted much in terest, and 
review of M = Si (252), Ge (253), Sn (253), Pb (253,254), Ti (255-257), Zr 
and Hf (256, 257) have appeared.
Nature of the M-N bond
A common feature for a ll of the M-NR2 systems is  the p o ss ib ility  of 
N(pir) -*■ M(dir) bonding. The two extreme cases are presented in F ig . 4.1.1.  
The f i r s t  of these (a) is  typified by aliphatic amines where carbon, 
having no d-orbitals, is  unable to engage in any N(pw) M(dw) bonding.
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Fig . 4.1.1 Bonding Schemes for M-NR2 Species
The carbon-nitrogen bond i s ,  therefore, long in comparison and the 
nitrogen atom assumes a tetrahedral geometry with a formal lone pair. 
Systems of th is type might be expected to be highly basic. In bonding 
scheme (b ), the lone pair on the nitrogen atoms is  p a rtia lly  delocalised  
into the N(pir) -*■ M(dir) bond producing a reduction of the M-N bond length, 
and forcing the N atom into an sp2 configuration. Loss of electron density  
from the nitrogen atom must seriously a ffect the basicity  of the NR2 group. 
The M-N bond length, the N atom configuration, and the basicity  of the N 
atom can a l l ,  therefore, be employed as convenient probes in evaluating 
N(pn) -► M(dir) bonding. X-ray data give a d irect evaluation of the f i r s t  
two.
One of the simplest ways of obtaining a re la tive  scale of Lewis 
basicity  is  to study the donor capacity towards a reference Lewis acid.
The s h if t  of the v(C-H) band in the IR spectrum of CHC13 on H bonding to 
a Lewis base has been found to be suitable in th is respect. In practice , 
CDCI3 is  used as the v(C-D) band is  in a 'c learer' area of the IR spectrum.
Cl
I ^
Cl—  C—  D ------------ NR,---- M : r
I 2
Cl
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Some typical values are presented in Table 4.1.1 (258, 259).
Amine Av(C-D) Ratio 
Unshiftedj 
Shifted 
Peak Area
Amine Av(C-D) Ratio
Me3CNHEt 89 1 : 100 (Me3S i) 2NH 30 1 : 1
Me3CNMe2 96 - (Me3S i ) 2NMe 39 2:1
Me3SiNHEt 52 1 : 1 0 (Me3S i) 3N No obsei"ved sh ift
Me3SiNH(n-C4Hg) 51 1 :6 Me3GeNMe2 76
Me3SiNMe2 62 1 : 1 2 Si(NMe2)4 10 «
Me3SiNEt2 64 1 : 8 Ge(NMe2)4 60 -
Me3SiN(n-C4Hg) 2 64 1 : 1
Table 4.1.1 IR Shifts of the v(C-D) Band for some CDClg Amine 
Mixtures
An examination of the data reveals the Si and Ge species to be much poorer 
bases than th e ir  C counterparts. For the ami nosilanes in p articu la r, a 
small increase in basicity is  evident on substitution at the N atom. 
Addition of further SiMe-j groupings, however, d ra stica lly  reduces the 
N atom b as ic ity . Thus whereas NMe3 is  a powerful donor, N(SiMe3)3 contains 
a trigonal planer N atom and shows no donor a c t iv ity  at a ll  (252). The 
ratio  of the peak area v(C-D)unshifted:v(C-D)shi.fted gives an indication  
of the s te r ic  a cce ss ib ility  of the N lone p air for donation (258), and is  
roughly proportional to the bulk of the N atom substituents.
A sim ilar but more quantitative picture i s  given by the heats of 
mixing with chloroform (260).
Ami ne Heat of Mixing Jmol"^ Amine Heat of Mixing Jmol"^
n-C4HgNH2 2984 Me3SiNHMe 1484
(n-C4Hg)2NH 3386 Me3SiNMe2 1500
( c2h5)2nh 3620 Et3SiNH2 1137
(c2h5)3n 3636 (Me3S i ) 2NH 117
Table 4 .1 .2  Heats of Mixing for some CHC13/Amine Systems
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As with the IR data the re lative  order of b asic ity  is  found to be
C »  Si 
and
R2NSiR3' > RN(SiR3 ")2
Methods involving CHC13 or CDClg as the reference Lewis acid  suffer
from the high rea ctiv ity  of CHCI3 towards many metal amides, making them
unsuitable in most cases. As an a lternative approach, Yoder and coworkers
(259, 261) examined N(_pir) M(dir) bonding more d irectly  by measuring the 
1 3C-H coupling constants for a number of S i ,  Ge and Sn dimethyl ami no 
substituted compounds (Table 4 .1 .3 ) .
Compound J ( 13C-H) (Hz ) Compound J ( , 3C-H) Hz
C(NMe2)4 133.4 Me3GeNMe2 131.4
Si(NMe2)4 135.0 Me3SnNMe2 130.2
Ge(NMe2)4 132.4 Me2Si(NMe2)2 132.25
Me3CNMe2 131 .4 Me2Si(NMe2)Cl 134.1
Me3SiNMe2 132.2 Me2Ge(NMe2)Cl 133.5
Table 4 .1 .3  3^C-H Coupling Constants for Selected Amines (259,261)
An Increase in the effective electronegativity of the N atom w ill  increase
the s-character of the C-H bond. As spin information is  largely  carried
13through s-orb ita ls the magnitude of the C-H coupling constant should 
increase. The electronegativity of the N atom depends on the electronegativity  
of the S i ,  Ge or Sn atom substituent and the amount of N(pir) -  M(dir) 
bonding present. The resu lt is  a small but measurable change in the JC-H 
coupling constant. In the absence of N(pw) -  M(pir) bonding, the re la tive  
order should be based so lely on electronegativity, i .e .
C > S i ,  Ge, Sn
the observed order
Si > C = Ge > Sn for the Me-MNMe, series 
and J 1
for the M(NMe2)4 seriesSt > C > Ge
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indicates substantial N(pw) -  M(dir) bonding in the Si species, less in the 
Ge se rie s  and l i t t l e  or none at a l l  in the Sn species. Also worthy of 
note is  that Me2SiCl(NMe2) is  considerably less basic than Me2Si (NMe2)2.
The data from these and other studies (262, 263) can to a certain  
extent be rationalised in terms of the diffuseness of the d o rb ita ls , 
e.g. N(pir) -*■ M(dir) overlap should be greatest in those elements possessing 
compact d-orb itals. Si-N should thus be more highly N(pir) -  M(dir) bonded 
than Ge-N or Sn-N, an argument which f i t s  well with the experimental data.
Even so, there is  a substantial amount of N(ptt) - M(d-n-) bonding even in 
Sn-N systems, e.g . the planar (sp2) NMe2 groups in the structure of 
Sn(NMe2 )4 (264).
Although there is  l i t t l e  or no comparable basicity  data for the 
early t-metal amides, structural data is  often availab le . Several structures 
have been determined using single crysta l techniques. The NR2 groups in 
W(NMe2 )6 (265), Nb(NMe2) 5 (266), Mo(NMe2)4 (267), TiCIgNEtg (268) (Fig . 4 .1 .2) 
and Cr(N (i-C3H7)2 )3 (269), a ll exhib it small or negligible deviations from 
a trigonal planar (sp2) configuration associated with delocalisation of 
the N lone pair into the M-N bond.
OCl
•  Ti 
o N 
o C
Fig. 4 .1 .2  Crystal Structure of T iC l3 (NEt2) (268)
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An estimation of the extent of N(pw) -  M(dir) bonding in the systems via
changes in bond length is  complicated in most cases by the lack of data on
singly bonded species. For (T iC l3 (NEt2))x , however, a Ti-N bond length
of 1.85 8 was found to be s ig n ifican tly  shorter than 1.96 8 calculated
for a hypothetical sing le Ti-N bond (268). Bridging via chlorine atoms
rather than the NEt2 groups is  an additional indication of the low
b as ic ity  of th is system. The structure of Cr(N (i-C3H7)2 )3 (269) also
shows shortened M-N bonds (1.87 A) compared to a Cr-N distance of 
o
2.08 - 2.11 A in C rC lj.d ien , for example. An interesting feature of
o
the square based pyramidal Nb(NMe2)g is  the one short (a x ia l, 1.977 A) 
and four long (b asal, 2.042 8 ) Nb-N bonds (266). I t  was suggested that 
the longer Nb-N bonds may resu lt from a delocalised ir system involving 
the four basal N atoms and only two metal d -orb ita ls (266).
Reactions involving M-NR2 bond cleavage (M = S i ,  Ge, Sn, Pb, T i ,  Zr, Hf) 
The metal-nitrogen bond in the Group (IVB) amines and (IVA) amides 
is  p articu la rly  reactive and fa c ile  bond cleavage takes place with both 
protic reagents, and activated hydrocarbons, e .g .
M-NR
R OH M-OR + HNR2 (M = Si(IV)(254), Ge(IV)(254,255),
Sn(IV)(255), Ti(IV), Zr(IV)(256, 
257,270), Ti(III)(271)
r2 nh — — > m-nr2
C5H6 —»  M-Cp +
w  - - ►  m- c6f 5
Bu^H —— > M-SBut
Ph2PH — — » M-PPh2
Ph3SnH - — > M-SnPh:
M NR  + HNR2(M = T i( IV ) ,  Z r(IV )(270,271)
l2 (M - T1(IV ), Z r(IV ), Hf(IV)(S 
T i ( I I I ) (274)
Many exchange reactions involve the regeneration of the original M-X bond, e .g .
' umgt % 001
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M-NRC
/ C12 — > M-Cl + ClNMe2 (M = Sn(IV)(278,279)
Me3SiCl - --- ► M-Cl + Me3Si(NMe2 ) (M = Sn(IV)(278,279)
— M X4 --- ►  M-X + M'x3NMe2 (M,M = S i ( IV)(280), Ge(IV)(281)
^ B C 1 3 — ► M-Cl = NR2BC12 (M =
Ti(Iv)(282-285) 
Sn(IV)(278,286)
V(X3 (Y = P,As,B) M-X + YX2NR2 (M = S i ( IV )(287)
Group redistribution of th is type is  often known as 'scrambling' and has 
been reviewed for M = S i ,  Ge, Sn and Pb (288). An extensive area of 
chemistry covers the insertion of small unsaturated dipolar molecules
into the M-N bond, e.g •
m- nr2 + A=B M--A-B-NR2
C
O
i
= CO 2 9 M( IV) = S i, Ge, Sn, T i ,  Zr, Hf (289,290)
A=B = CS2» M( IV) = S i, Ge, Sn, T i ,  Zr, Hf (289,290,291)
A=B = cos, M( IV) = S i, Ge, Sn (290)
1 CO = PhNCS, PhNCO, MeNCS, M( IV) = S i, Ge, Sn, T i ,  Zr, Hf (289)
C
DII< = EtOOC-C= C-COOEt, M(IV) = S i, Ge, Sn (292)
Insertion reactions up to 1967 have been reviewed by Lappert and Prokai (293).
Donor properties of M-NR2 systems (M = S i, Ge, Sn, T i ,  Zr, Hf)
Although the b a s ic it ie s  of the Group (IVB) amines and Group (IVA) amides 
are much reduced compared to the alkyl amines, several donor adducts have 
been isolated. The majority of th is  work concentrates on the aminosilanes. 
Early work involving the methylamino substituted silanes (H3S i ) 3N, (H3S i) 2NMe, 
H2SiNMe2, H2Si(NMe2)2, HSi(NMe2)3 and Si(NMe2)4 with the soft Lewis acids 
B2Hg and MMe3 (M = B, A1, Ga) provided several 1:1 complexes (294-296); 
in each case these were found to be thermally unstable and/or completely 
dissociated at room temperature. Methyl substitution of the Si atom 
appears to increase the thermal s ta b ility  of such complexes, enabling
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Ebsworth and Emeleus to iso la te  MeH2SiNMe2 .BMe3 and Me3SiNMe2 .BMe3 as 
white so lids (297).. Lappert and Srivastava have reported stab le adducts 
between MexSiCNMe2)4_x (x = !» 2) and (M^Si^NH with the hard acids 
MC14 (H = Sn, T i ,  Zr) and VOClj although detailed information is  lacking.
The cyclosilazanes (Me2SiNH)x (x = 3,4) provided a se ries o f both
1:1 (Me2SiNH)3 .SnCl4 (298), (Me2SiNH)3 .MCl3 (M = T i ,  V) (299) ) and 2:1
( (Me2Si.NH)3 (T iC l4)2 1 (M egSiN H ^ tTiC l^ , (Me2SiNH)4 .MCl3 .L 2 (M - T i , V,
L = THF, M = Cr, L = NMe3) (300) ) complexes. These adducts are 
further discussed in Chapter 5.
The donor properties of the metal amides are not well established. 
Molecular weight measurements and low temperature NMR spectra have 
confirmed the dimeric nature of MfNRg^ (M = Zr, Hf) in solution at low 
temperatures (301). Intem uclear bridging via the NMe2 groups was here 
proposed. 1:1 complexes between M(NMe2 )4 (M = Sn, T i) and SnCl4 have 
been reported (298), but again no deta ils have been published. Reaction 
of Sn(NR2)2 with an excess of BF3 in CgHg solution has recently led to 
the iso lation  of the 3:1 complexes Sn(NR2 )2 »3BF3 (R = Me, E t) (302). The 
proposed structures for these complexes includes a BF3 molecule coordinated 
to each NR2 group and to the Sn ( I I )  atom via the Sn ( I I )  lone p a ir.
Perhaps the best characterised metal amide complexes are the CpTi(NMe2 )3 .M(C0)3 
(M = Cr, Mo, W) adducts prepared by Bradley and Kasenally v ia  photolysis 
of a mixture of CpTi(NMe2 ) 3 and the appropriate metal hexacarbonyl in 
cyclohexane solution (303). A monomeric structure of the type
n o .
was proposed based on the IR spectra. The NMR spectra, however, 
showed different magnetic environments for the NMe2 groups.
4.2 Complexes of (Me2N)2CH2 with MCI^  (M = T i , Sn), VC13 and CrC13 -2NMe,
Dropwise addition of (Me2N)2CH2 (bis(dimethylamino)methane) to 
equimolar amounts of either TiCl^ or SnCl^ in CgHg solution gave 
precip itates of the bright yellow (M = Ti) or white (M = Sn) 1:1 adducts 
in almost quantitative y ie ld . A repeat experiment with a two-fold excess 
of ligand gave an identical product when SnCl^ was used. Both 1:1 
adducts were extremely susceptible to hydrolysis, as evidenced by the 
analytical data, which in the hands of a professional analyst repeatedly 
gave low values for halogen %. S o lu b ility  was limited generally to 
coordinating solvents.
The IR spectra of the complexes show several interesting features.
Bands at 1058 and 868 cm“ 1 in the free ligand assigned as vNC2 (asymmetric) 
and vNC2 (symmetric) modes (148), appear to lower energies in the 
adducts (.1041, 991, 952 cm“ 1 (vNC2 (asymmetric) ),860, 813 cm-1  (vNC2 
(symmetric)),M = T i ; 1045, 1002, 948 cm" 1 (vNC2 (asymmetric) ) ,  862, 830 cm-1
(vNC2 (symmetric) ) , M = Sn), suggesting both NMe2 groups to be coordinated. 
The d istin ctive  1383 cm” 1 CH2 deformational mode in (Me2N)2CH2 (148) is  
absent from the spectra of the complexes, apparently masked by strong 
6(CH.g) bands in the 1500-1450 cm" 1 region. Such a sh ift  is  in lin e  with 
the formation of a four-membered a lip hatic ring which is  produced on 
chelation (148). In the low IR strong metal-chlorine vibrations at 397,
379, 356 and 332 cm 1 (M = T i ) ,  and 337, 319 cm" 1 (M = Sn) support a c is  
chelated model (Fig. 4 .2 .1 ).
I l l .
Cl
F ig . 4.2.1 Proposed Structure of MCl^.(Me2N)2CH2 (M = T i, Sn)
A NMR spectrum of SnCl4-(Me2N)2CH2 recorded in CDClg solution 
(220 MHz) at maximum se n s it iv ity  showed a single NMe2 resonance at «2.80 
(«2.10 in free ligand) due to equivalent coordinated NMe2 groups. The 
CH2 resonance, which should be only one-sixth of the intensity of the NMe2 
resonance, could not be resolved from the background noise.
The T iC l4/(Me2N)2CH2 system has already attracted some attention (304). 
Rather su rprising ly , under sim ilar conditions to those employed above, a 
se rie s  of dark yellow to green adducts of varying composition were 
obtained. In many respects CH2 (NMe2)2 resembles NMe3, a molecule whose 
reducing properties towards Ti (IV) have been firm ly established (65, 67). 
One p o ssib ility  is  that reduction Ti (IV) -*• Ti ( I I I )  occurred in these 
e a r lie r  compounds, giving r ise  to the unusual observed properties and 
stoichiom etries.
Turning to the +3 state , VC13 gave an insoluble chocolate brown solid  
o f approximate composition VCl3 .0.5(Me2N)2CH2. Kiesel and Schram have 
isolated the 1:1 adduct VCl3 .(Me2N)2CH2 ind irectly  from the reduction of 
VC14 with B2 (NMe2)4 (148), the complex being interpreted in terms of a 
monomeric 5 coordinate metal, with the ligand active in a bidentate capacity.
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The situation with VCl3 .0.5(Me2N)2CH2 appears to be more complicated, with 
IR bands associated with the presence of both bidentate (1040, 1024, 998, 
974, 963 cm~^ ) and unidentate (1368, 1063, 1045 cm" )^ ligand. (Me2N)2CH2 
has previously been found to act as a monodentate, and bridging bidentate 
ligand in Me3M.(Me2N)2CH2 (M = B, Al) and (Me^Al)2 .(Me2N)2CH2, respectively  
(305). As a possible structure for VC13 .0 .5( (Me^N^CHg), a polymeric 
model with the ligand randomly coordinated to the VCI3 la t t ic e  and 
the remainder of the V coordination sphere taken up by bridging Cl atoms 
seems the most appropriate. The pattern of V-Cl bands at 387, 350, 315 
and 277 cm“  ^ shows a d is t in c t resemblance to that of the recently isolated  
chocolate brown VCl3 ,NMe3 (.145) (vVCl at 386, 358, 317 and 286 cm )^ ,  
and the adducts may, therefore, have sim ilar structures. Total displacement 
of ligand is  achieved by dissolving VCl3 .0.5(Me2N)2CH2 in pyridine to 
give mauve VCl3 .3py.
Attempts to prepare (Me2N)2CH2 complexes via ligand exchange 
reactions gave only intractable o ils  with VC13 .3THF, VCl3 .3MeCN and 
CrCl3 .3MeCN. With CrCl3 .2NMe3 in CgHg solution, partial ligand exchange 
occurred to give the mixed adduct CrCl3 .NMe3 .(Me2N)2CH2. Although the IR 
spectrum showed bands attributable to both coordinated NMe3 and (Me2N)2CH2, 
vibrations diagnostic of the denticity of the la tte r  were, in  each case, 
masked by strong NMe3 bands, making detailed structural assignments 
impossible.
4.3 Reaction of bis(diphenylphosphino)methane (dpm) with TiCl^
Addition of a solution of T iC l4 in benzene to an equimolar amount of 
bis(diphenylphosphino)methane (dpm) in benzene gave TiCl^.dpm as a bright 
orange so lid . The complex proved to be highly a ir  se n s it iv e , decomposing 
in moist a ir  in less than a minute. TiCl^.dpm was soluble in  a range of
113
polar solvents such as MeCN, THF. MeN02 and CH2C12» but was generally 
insoluble in nonpolar solvents. Solution in pyridine and DMSO was 
accompanied by an immediate colour change (orange to pale yellow) 
indicating so lvolysis had taken place. In the case of DMSO, th is  was 
confirmed by the NMR spectrum of TiCl^.dpm in DMSO which only showed 
resonances due to uncomplexed dpm.
The IR spectra of TiCl^.dpm in the 4000 to 400 cm"^  showed a close 
s im ila rity  with that of the free ligand, most bands d iffering  by only a 
few wavenumbers, between the free and bound ligand. This suggests that the 
ligand has approximately the same symmetry in the free and bound states.
A single band at 1434 cm-1 in dpm, assigned as a v(P-Ph) (306) mode also 
appears as a sing let in the complex (.1434 cm"^). As monodentate behaviour 
on the part of dpm would resu lt in  different P environments, and sp littin g  
of the v(P-Ph) bands, th is re su lt  was interpreted in terms of bidentate 
coordination. In the low IR spectrum bands attributable to v(T i-C l) 
stretching modes at 388, 380, 345 and 320 cm-1 are in accordance with an 
octahedral c i£  (C2v) geometry, and thus chelated dpm (F ig . 4.3.1 ).
Cl
Fig. 4 .3 .1  Proposed Structure of TiCl^.dpm
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Bands at 469 and 416 cm' 1 are provisionally  assigned as v(Ti-P) modes 
c f . 453, 414 cm' 1 for T iC l4 .(Ph2P)C2H4 (307).
The "'h NMR spectra (220 MHz, CDgN02) of dpm and T iC l4 .dpm are shown 
in Fig 4 .3 .2 . Considering f i r s t  the uncoordinated ligand, complex multiple 
resonances in the aromatic region centred on 57.41 (meta) and 67.21 (ortho 
and para) correspond to the P-Ph protons. For the methylenic protons, 
values as both the chemical s h if t  (52.85) and P-H coupling constant 
(2J(P-H) 2.0Hz ) agree well with published data (308).
On complexation the methylene resonance moves appreciably downfield 
to 63.73 due to the strain  caused by the formation of a four-membered 
chelate ring. The value of the P-H coupling constant increases in the 
adduct to 6.6 Hz. There are two possible contributions. F ir s t ly ,  the loss 
of electron density from the P atom that occurs on coordination should 
increase the amount of s character in the P-C bond, and thus increase
p
J(P-H). Secondly, complexation eliminates rotation about the P-CH2 bond,
2
which again maximises J(P-H). The phenyl resonances for T iC l4 .dpm are
markedly d ifferent from that of the free ligand, with a single complex
m ultip let in the 63.2 - 3.6 region. One factor instrumental in th is change
is  probably an increase in the various J(P-Ph) coupling constants,
2
p ara lle lin g  that found for J(P-H) (methylenic protons). In addition, 
there i s  the p o ssib ility  of d istortion  of the chelate ring, i .e .  'folding' 
of the Ti-P-P-C ring across a plane bisecting the two P atoms (Fig. 4 .3 .2 ) . 
Sim ilar deviations from p lanarity are known for cyclobutane and 
(C0)2C12( (Ph2M)2CH2)Mo (I*)»  (M = As) (309). Assuming a structure of th is  
type, the phenyl groups become magnetically inequivalent, and thus give r ise  
to s lig h t ly  d ifferent ^  resonances.
Reaction of T iC l4 with two mol equivalents of dpm did not result in the
been established, Clark and Chatt have examined the factors that tend to
donor atom substituents i s .  The bulk, and electron withdrawing properties
formation of an 8 coordinate complex. Where coordination number 8 has 
 
produce 8 coordination (Section 1 .3 ), and have determined that while 
the choice of donor atom is  not c r it ic a l  ( i .e .  As or P), the choice of 
t  
of the phenyl group substituents in dpm make the ligand less l ik e ly  to 
give 8 coordinate complexes.
4.4.1 Exchange reactions between Me^Si(NMeg), and MCl^  (M = S i , Ge)
Mixing of Me2Si(NMe2 )2 and MC14 (M = S i ,  Ge) in various mol ra t io s , 
either as CgDg solutions or as neat liq u id s , gave r ise  to reactions 1-3 
and 5-7. Exchange between C l2M(NMe2 )2 and MCl  ^ (M = S i, Ge) was also  
studied in CgDg solution (equations 4 and 8).
2Me2Si(NMe2)2 + SiCl 4 -------—----- -2Me2SiCl (NMe2) + ClgSi (NMe2 )2  (1)
Me2Si(NMe2)2 + S iC l4 --------—----- -Me2S iC l2 + C l2Si(NMe2)2 ...................... (2)
Me2Si(NMe2 )2 + 2SiCl4 --------—----- ^Me2S iC l2 + 2Cl3Si(NMe2) .......................(3)
C l2Si(NMe2)2 + Si C l4 ------ „ 2Cl3Si(NMe2) ..............................................................(4)
2Me2Si(NMe2)2 + GeCl4 ------ — -----  ^2Me2SiCl (NMe2) + Cl 2Ge(NMe2)2. . . .  (5)
Me2Si(NMe2 )2 + GeCl4 ------ — ----- „2Me2SiCl (NMe2) + Me2S iC l2 +
2Cl3Ge(NMe2) + C l2Ge(NMe2 )2 ...........(6)
Me2Si(NMe2)2 + 2GeCl4 ----------------„Me2S iC l2 + 2GeCl3 (NMe2) ................... (7)
C l2Ge(NMe2)2 + GeCl4 ------—----- „ 2Cl3Ge(NMe2) ................................................. (8)
Me2Si(NMe2)2 + Me2S iC l2 ---- H -----  ^ 2Me2SiCl(NMe2) .............................................(9)
The products in each case remained unchanged after thermostating the solutions 
at 313 K for 24 hours. Common features to a ll of these reactions were 
fuming and evolution of considerable heat,to eventually give a c lea r  
colourless liq u id . Products were identified  by NMR (2% solutions in CgDg, 
re. TMS). Sharp, well resolved resonances were observed in a ll cases.
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Fig . 4 .3 .2  ]H NMR Spectra (CD3N02, 220 Mhz) of dpm and T iC l4 .dpm
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There was no evidence for lin e  broadening as found in some germanium 
systems (281). In general, for most of the silanes and germanes studied, 
considerable differences were found between the value of the chemical 
sh ift  in CgDg, and literatu re  values for chlorocarbons (310, 311), or 
neat liquids (312). Table 4.4.1 contains chemical sh ift  data for  
the various silanes and germanes studied, synthesised by routes 
independant of equations 1 to 8 .
Compound fi(N-Me) «(Si-Me)
Me2Si(NMe2)2 2.48 0.1
Me2SiCl(NMe2) 2.35 0.33
Me2S iC l2 - 0.40
C l3Ge(NMe2) 2.18 -
Cl2Si(NMe2)2 2.42 -
C l3Ge(NMe2) 2.23 -
C l2Ge(NMe2 )2 2.42
Table 4.4.1 220 MHz^ H NMR Chemical Sh ift Data for Various
Silanes, Aminosilanes and Aminogermanes (2%, CgDg)
N.B. Since scrambling reactions involving rupture of the Si-C bond are 
known, the reactiv ity  of the Si-Me bond in Me2Si(NMe2)2 and of TMS it s e lf  
fa l ls  into question. As these scrambling reactions involve either high 
temperatures (313, 314), or the use of a suitable Lewis acid ca ta lyst  
(such as AlCl-j) (315), the Si-Me linkages under the mild reaction 
conditions used in the present study, can be considered in ert, and TMS 
therefore, remains a valid NMR standard.
Substituent exchanges, on s ilic o n  have been studied widely (280, 316). 
MtJedritzer and Van Wazer have found that the extent of the back reaction  
varies considerably with different substituents on the central s ilic o n  atom.
117.
In the Si(0Me)4/S i(0 E t)4 system (312), once equilibrium had been attained, 
the proportions of the various mixed products (Si(0Me)n(0Et)^_fl, n = 0->4) 
could be explained by a simple random exchange approach. For the 
Cl/NMe2 exchange systems (312, 316), the back reaction accounts for only 
a few percent of the total Si content at any given ratio  of reactants.
The systems studied in reactions 1-9 show no observable back reaction at a l l ,  
suggesting that a large enthalpy of reaction, forces the equilibrium  
to ta lly  towards products. The d iscontinu ities in d ie le c tr ic  constant vs. 
mol ratio curves observed for these systems by Scharschmidt (317), 
supports th is  argument.
An interesting aspect of eq u ilib ria  2 and 6 is  that while a 1:1 
mixture of SiCl^ and Me2Si(NMe2 )2 resu lts in total exchange of NMe2 groups 
(equilibrium 2 ), GeCl4 and Me2Si(NMe2)2 in the same proportions 
(equilibrium 6 ) give a mixture of products arising  from the 1:2 (equilibrium 5) 
and 2:1 (equilibrium 7) reactions. A consideration of the reaction
Me2SiCl(NMe2) + Cl3M(NMe2) —^  * Me2S iC l2 + C l2M(NMe2)2 .............. (10)
provides a possible explanation. Since Me2SiCl(NMe2) and C l3Ge(NMe2) 
have been identified  as components of the Me2Si(NMe2 )2/GeCl4 equilibrium , (6) ,  
i t  is  not unreasonable to assume that the analogous silanes (Me2SiCl(NMe2) 
and C l3Si(NMe2) ) are intermediates in the reaction between Me2Si(NMe2)2 
and S iC l4 (equilibrium 1). Should equilibrium 10 l ie  to the right hand 
for (M = S i ) and to the le f t  hand for (M = Ge) respectively, a good f i t  
would be obtained with the observed data. To test th is  hypothesis the 
Me2SiCl(NMe2 )/C l3M(NMe2) (M = S i ,  Ge) eq u ilib ria  were investigated.
Somewhat surprising ly for both M -Si and M=Ge, Me2S iC l2 and C l2M(NMe2 )2 
(M = Si., Ge) were the sole observable products, i .e .  equilibrium 10 lie s  
well to the R.H.S. for both M» Si and M=-Ge. The fact that Me2SiCl (NMe2)
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and C l3Ge(NMe2) react in Iso latio n , but not within the context of 
equilibrium 6 suggests the Me2SLi(NMe2 )2/GeCl4 system is  far more complex 
than that indicated by the simple stoichiometry of reaction 6 .
4 .4 .2  Exchange reactions between Me2Si(NMe2)2 and TiCl^
TiCl^ reacted in CgHg with an equimolar amount of Me2Si(NMe2)2 to 
in it ia l ly  give a pale yellow precip itate of T iC l4 .Me2Si(NMe2 )2 (Section 4 .5 ). 
On standing at 323 K for a few hours the yellow solid  rapidly turned green, 
and subsequent work up yielded C l3Ti(NMe2) as dark green cry sta ls , which 
were identified by the ir IR spectrum (318). The solvent on d is t illa t io n  
(380K/76Q mm) gave a co lourless, fuming liquid  which was identified from 
i t s  NMR spectrum to be Me2SiCl(NMe2) (Table 4 .4 .1 ), i .e .
Ti Cl 4 + Me2Si (NMe2)2 ---------> Cl3Ti(NMe2) + Me2SiCl (NMe2)....(1)
Reaction also occurred in the so lid  phase. Solid samples of yellow 
T iC l4 .Me2Si(NMe2 )2 stored'in glass ampoules under a nitrogen atmosphere 
decomposed over a period of several weeks to give identical products. 
Pyrolysis of TiCl^.Me2Si(NMe2)2 at 423 K in high vacuum gave a small 
amount of C l3Ti(NMe2) as the only iso lab le product. This type of 
halogen/amide exchange has been observed for TiX4 with a number of metal 
and metalloid amides, including B (318), Si (319, 283, 225) and Ti (282).
With a two-fold excess of Me2Si(NMe2)2» Me2SiCl(NMe2) was again 
isolated as the sole silane product. Isolation of the Ti containing product 
gave a chocolate brown so lid , approximating to C l2Ti(NMe2)2 on the basis of 
a halogen an a lysis . The NMR spectrum showed a complicated NMe2 region 
including a very intense broad resonance at «3.5 which is  possibly due to 
paramagnetic Ti ( I I I )  species. Quite possibly, th is is  the same non- 
stoichiometric product found by Bürger et al_ (319) as a product of the
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reaction of T iC l4 and Me3Si(NMe2). C l2"Ti(NMe2)2 has successfu lly  been 
isolated as brown crysta ls by disproportionation of T iC l4 and Ti(NMe2)4 .
In both the T iC l4/Me2Si(NMe2J2 and T iC l4/2Me2Si(NMe2)2 systems, Me2SiCl(NMe2) 
fa ils  to react further with the Ti containing product, and th is  may be 
a reflection of the reduced b asic ity  of Me2SiCl(NMe2) with respect to 
Me2Si(NMe2)2.
4.4.3 Mechanism of Si-N bond cleavage
Considerable interest has been shown in the mechanism of Si-N/M-Cl 
exchange (280, 288, 320). Proposed mechanisms fa ll  into two categories, 
the four-centre type mechanism (Fig . 4 .4.1a) and the termolecular approach 
of Sommer et (320) (F ig . 4 .4 .1b ). A common feature of a l l  these 
mechanisms involves nitrogen coordination to the appropriate Lewis ac id , 
and a sim ilar f i r s t  step is  put forward here for two reasons. F ir s t ly ,  
the use of non-polar solvents argues strongly against any free ions, making 
a bimolecular intermediate essen tia l. Secondly, on coordination i t  is  
not unreasonable to assume that, to a certain extent, electron density 
w ill flow out of the N(pir) -  Si (dir) bond reducing the Si-N bond order and 
therefore, fa c ilita t in g  Si-N bond cleavage. Evidence for such a 
phenomenon is  found in the IR spectra of the Me2Si(NMe2)2.MX4 adducts 
described in Section 4 .5 . The iso lation  of the intermediate 
TiC l4 .Me2Si(NMe2)2 adduct from the T iC l4/Me2Si(NMe2)2 exchange system 
argues strongly for an intermediate complex.
Exchange in a four-centre mechanism (Fig . 4.4.1a) is  simply by 
simultaneous cleavage of the Si-N and T i-C l bonds in the intermediate, 
followed by expulsion of Me2SiCl(NMe2) , which has been rendered a weaker 
donor due to inductive effects from the Cl atom. In the case of 
Me2Si(NMe2)2 another intermediate is  possible (Fig . 4 .4 .2 ) . Here i t  can
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be postulated that distortion in the MN2Si plane (as found for SnCl4 . 
Me2Si(NMe2) (Section 4.5) ) force the Me2Si moiety clo ser to one of the 
axial Cl atoms than would be expected for a planar system, increasing the 
probability of exchange. An approach of th is type explains that
Me2Si(NMe2)2 + S iC l4 ---------------- > Me2S iC l2 + C l2Si(NMe2 )2
is  m ulti-step, as only one Cl atom is availab le for exchange at any one 
time.
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Sommer et al (320) have shown, with a se ries of ch iral aminosilanes, 
that inversion about the silico n  atom occurred in greater than 50% yie ld  
for nine out of the ten aminosilane/metal halide exchange reactions studied. 
As a four-centre reaction pathway with an intermediate such as (F ig . 4 .4 .2) 
would produce a s i ly l  halide with retention of the original stereochemistry, 
an alternative pathway is  needed. By adopting a 5 coordinate intermediate 
(Fig. 4 .4 .3) produced by cleavage of a metal nitrogen coordinate bond, 
the simple four-centre mechanism need not be abandoned. Although 5 
coordination for T i (IV) is  rare, i t  i s  common for both Si (IV) and Ge (IV) 
(113). In such an intermediate, the reduction of bond order in the Si-N 
bond adjacent to the metal atom, enables free rotation to occur, giving 
greater exposure of the rear face of the Si atom, and thus inversion on 
Cl attack.
The alternative mechanism of Sommer (320) is  immediately less a ttractive  
for MC14 (M = T i, Si , Ge) than for BX-j (the Lewis acid for which the route 
was o rig in a lly  proposed), because of the use of a second MX4 molecule.
Whereas this is  quite reasonable for S iC l4 and GeCl4, i t  is  almost 
impossible for the so lid  phase decomposition of T iC l4 .He2Si(NMe2) 2 . 
Additionally, although BX4~ is  well characterised, MXg~ (M = Ti,Ge, S i) 
species are not, and therefore, th is mechanism must be considered as a minor,
121.
or impossible pathway for the MCI^  species.
4.5 Complexes of Me^Si(NMe )^ ? with MX^  (M = T i ,  Zr, Hf, X = C l , M = Sn,
X = C l , Br)
Dropwise addition of solutions of Me2Si(NMe2)2 to an equimolar 
quantity of MX^  in benzene (M = Zr, Hf, X * C l , M * Sn, X = C l, Br) solution 
or suspension gave immediate white precip itates of MX .^MegSi(NMe2 )2 
(M = Zr, Hf, X *  C l , M -  Sn, X = C l , B r ) . The precip itates were washed 
with CgHg and dried in vacuo. Reaction between equimolar quantities of 
TiC l4 and Me2Si(NMe2 )2 in CgHg gave a pale yellow precip itate which 
rapidly decomposed to C l3Ti(NMe2) and Me2SiCl(NMe2) (Section 4 .4 ). However, 
by simply changing the reaction medium to the le ss  polar n-hexane, a 
pale yellow precip itate of T iC l4 .Me2Si(NMe2 )2 and a pale brown solution  
were obtained. Concentration of the pale brown solution followed, and 
sublimation of the green so lid , thus produced, gave a small amount 
(<vl%) of C l3Ti(NMe2). A ll attempts to iso la te  T iC l4 .Me2Si(NMe2)2 from 
CgHg solution resulted in the desired product being contaminated with 
C l3Ti(NMe2). A series of repeat experiments using a two-fold excess of 
ligand gave identical products to those above, in a ll cases.
Attempts to obtain adducts with tervalent metals proved less  
successful. Me2Si(NMe2 ) 2 readily  displaced MeCN from VCl3 .3MeCN, but 
samples of the dark mauve solid  produced were found to contain varying 
amounts of MeCN. Using a three-fold excess of ligand a dark brown solid  
was produced, which again was found to be non-stoichiometric. Towards 
CrCl3 .2NMe3, Me2Si(NMe2 )2 proved an in su ffic ie n tly  strong Lewis base 
to displace coordinated trimethyl amine and Cr2Clg(NMe3 )3 (produced from 
the decomposition of CrC l3 .2NMe3 (142) ) was the only isolated product.
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A ll the MCl^.(Me2Si(NMe2 ) )2 adducts were a ir  sensitive , decomposing 
in stantly  in water to give the appropriate metal oxide. A general 
in so lu b ility  in coninon solvents was observed, the one exception being the 
SnCl4 adduct, which was s lig h tly  soluble in CgHg, CHClj and CH2C12 
(re c ry s ta llisa t io n  in low y ie ld s from hot CH2C12 was possib le). Evidence 
for ligand displacement by MeCN (but not by pyridine or DMSO) was 
found in the NMR spectra, although no pure products could be iso la te d . 
T iC l4 .Me2Si(NMe2 )2 decomposed in a ll common solvents (Section 4 .4 ) ,  except 
CC14 and n-hexane in which i t  was insoluble. Thermal s ta b ility  of the 
adducts varied considerably. SnCl4 .Me2Si(NMe2)2 sublimed at 403 -  413 K 
in vacuo without change, whereas ZrCl4 .(Me2Si(NMe2) ) 2 and HfCl4 (Me2Si(NMe2))2 
decomposed at 423 and 428 K respectively . T iC l4 .Me2Si(NMe2) decomposed 
at 423 K to give a sublimate of dark green Cl^TiiNMe^ in low y ie ld  
(Section 4 .4 ).
The low IR spectra of the adducts showed strong metal halide bands 
at 340, 328, 320 and 260 cm' 1 (Sn-C l), 417, 405, 365 and 322 cm" 1 (T i- C l) ,
344 and 311 cm" 1 (Z r-C l) and 342, 313 cm" 1 (H f-C l), associated with an 
octahedral c is  (C2y) geometry (149). A strong band at 214 cm" 1 in the 
spectrum of SnBr4 .Me2Si(NMe2 )2 i s  assigned as an Sn-Br stretching mode.
A C2v geometry immediately suggests that the ligand is  chelated ( i .e .  
bidentate) (F ig . 4 .5 .1 ) .
F t g .  4 . 5 . 1  P r o p o s e d  S t r u c t u r e  o f  MX4 ,M e 2 S i ( N M e 2 ) 2
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A lternatively , a binuclear complex of the type MCl^.f (NMe2 )SiMe2 (NMe2) )2MCl4 
where the ligand ts active in a bridging mode, is  possible, but here adduct 
formation would be hindered by the presence of an eight-membered ring which 
is  unfavourable on thermodynamic grounds. Cyclosilazanes have already 
been observed In a chelating capacity in  the case of (Me2SiNH)3 .MCl3 
(M = T i, V) (299), although the tetrameric ring appears not to form 
chelate complexes, hut instead gives dimeric halogen bridged species (300).
Aminosilanes are strongly N(pir) -  Si (dir) bonded. The removal of N 
electron density that occurs on adduct formation could well be expected 
to resu lt in a reduction i;n N(pn) -*■ Si (dir) electron donation and thus a 
lowering of the Si-N bond order. This was reflected in the IR spectra 
of the adducts, which were v irtu a lly  identical in the 4000-500 cm“ 1 region 
(the range for each band being only a few wavenumbers), but varied 
considerably from free Me2Si(NMe2)2 (250). The differences between the 
spectra of the free and bound ligand were particu larly  noticeable in the 
800 - 500 cm“ 1 region, due to a sh ift  in the Si-N stretching modes.
Assignments for bands which should be re la tiv e ly  unaffected by any change in 
Si-N bonding, i .e .  3036-3780 cm-1 , v(CH); 1474-1302 cm“1, $(CH); 1262-1265 cm“ 1 
4as(NMe); 1229-1234 cm“1, «s (SiCH3) ; 1002-1009 cm“1, vs (NC2) ;  and 
874-849 cm”1, p(SiMe) are made on a tentative basis. In view of the changes 
observed in the spectra i t  is  unlikely that the 716-719 cm" 1 band in 
MX4 .Me2Si(NMe2)2 corresponds to the Si-N stretch in Me2Si(NMe2)2 at 
698 cm" 1 (250).
Due to the lack of so lu b ility  in non-coordinating solvents "^H NMR 
data was only available for SnX^.L (X = C l, Br) and ZrCl^.L (Table 4 .5 .1 ) ,  
although spectra of the la tte r  were complicated by decomposition products.
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Compound fiSiMe fiNMe
Me2Si(NMe2)2 0.1  (6) 2.45 (12)
SnCl4 .Me2Si(NMe2)2 0.36 (6) 2.17 (6 ) 
2.19 (6)
SnBr4 .Me2Si(NMe2 )2 2 . 12  (6) 
2.14 (6)
ZrCl4 .Me2Si(NMe2)2 0.37 (6) 2.09 (6) 
2.15 (6)
Table 4.5.1 ]H NMR Spectra of MX4 .L (220 MHz in 
CgDg) (Relative Intensities given in  brackets)
In each case a sharp doublet was found in the 62.09 - 2.19 region 
corresponding to coordinated NMe2 groups. The NMR spectra of 
SnX4 .Me2Si(NMe2)2 (X = C l, Br) were also found to be temperature dependent, 
the doublet decaying to a broad single resonance on raising the temperature 
to 373 K. Two possible mddels for the structure in solution are shown 
in Fig . 4 .5 .2 .
Fig. 4 .5 .2  Possible Structures for MX4 ,Me2Si(NMe2)2
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In the f ir s t  of these structures (F ig . 4.5.2a) the metal assumes a
5 coordinate geometry, and the NMe2 groups give d ifferent resonances 
corresponding to free and bound N donor centres. Raising the temperature 
increases the exchange rate between free and bound NMe2 groups until
the fast exchange lim it is  reached and a sing le resonance is  seen.
While such a structure is  attractive for M = Sn, where 5 coordination 
ts well established, i t  is  much less so for M=Zr, where there are 
no verified examples of the pentacoordinate state . A solution structure  
such as that in F ig . 4 .5 .2b , may therefore, be preferable. Here the 
ligand is  again bidentate, and the metal retains it s  so lid  state
6 coordinate geometry. Deviations from planarity of the four membered 
MN2Si ring (see Section 4.3) produce inequivalent magnetic environments for 
the NMe2 groups, and thus gives r ise  to a doublet in the NMR spectra. 
Rapid inversion of the chelate ring at higher temperatures averages out 
the different magnetic environments causing the NMe doublet to collapse to 
a single resonance.
The sh ift  o f the SiMe protons from «0.1 to «0.36-0.37 on adduct 
formation (Table 4 .5 .1) is  possibly due to the combination of two separate 
phenomena. Lowering of the Si-N bond order can cause changes in the 
electron density around the Si atom, thus affecting the chemical sh ift  
of any substituents. Strain imposed in the MN2Si ring should also cause 
a Me sh ift , as in  T iC l4 .dpm (Section 4 .3 ). The magnitude of the stra in -  
imposed sh ift  should be much less than that found in TiCl..dpm , as the 
protons are one bond further removed from the central strained ring.
4.6 Reaction o f Me?SiCl(NMe? ) with MCI  ^ (M = Sn, T i )
Dropwise addition of a two-fold excess of Me2SiCl(NMe2) to a solution 
of SnCl4 in CgHg gave (3 days) colourless crysta ls  of SnCl4 .Me2Si(NMe2)2.
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D is t illa t io n  of the remaining solution yielded Me2S1Cl2 as the so le  
v o la t ile  product, which was id entified  by i t s  NMR spectrum, i . e .
2Me2SiCl(NMe2) + SnCl4 --------------->-SnCl4 .Me2Si(NMe2 )2 + Me2S iC l2
Addition of equimolar quantities of Me2SiCl(NMe2) to solutions of T iC l4 
in  e ither hexane or CgHg gave an immediate reaction to give a brown solution, 
which on standing for 24 hours deposited green cry sta ls  of Cl.jTiNMe2.
Me2S iC l2 was again recovered from the residual so lution. A repeat reaction  
with a two-fold excess of Me2SiCl(NMe2) yielded identica l products.
For the Me2SiCl(NMe2)/SnCl4 system, disproportionation of 
Me2SiCl(NMe2) to Me2Si(NMe2)2 and MegSiClg i s  proposed as the in i t ia l  
rate determining step, i . e .
SnCl4
2Me2SiCl(NMe2) „ ___ :± ______Me2SiC l2  + Me2Si(NMe2)2 ------ > SnCl4 .Me2Si(NMe2)2
The disproportionation equilibrium  evidently l ie s  well to the le f t  hand 
side as the reaction
Me2Si(NMe2) 2 + Me2S iC l2 ---------- > Me2SiCl(NMe2)
proved to be exothermic, and the product could be iso lated in quantitative  
y ie ld  by vacuum d is t i l la t io n . No evidence was found for the analogous 
TiC14 .Me2Si(NMe2)2 in e ither hexane or CgHg solution. The o rig ina l 
preparation of T iC l4 .Me2Si(NMe2 )2 involved precip itation  of the complex 
from hexane solution under conditions of k in etic  contro l, and even here 
some adduct decomposition took place. The slow disproportionation of 
Me2SiCl(NMe2) ensures that even i f  T iC l4 .Me2Si(NMe2 )2 i s  produced as an 
intermediate, decomposition i s  su ff ic ie n tly  fa st as to render i t  undetectable. 
No iso l able donor complexes between Me2SiCl(NMe2) and MC14 (M = Sn, T i)  
were found in any of the systems studied. The low b a s ic ity  of Me2SiCl(NMe2) 
compared to that of Me2St(NMe2) has been indicated (Section 4 .1 ) ,  and both
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the lack of donor a c t iv ity , and the reluctance of Me2SiCl (NMe2) to 
further react with C l3Ti(NMe2) , cf Me2Si(NMe2 )2 (Section 4 .4 ), would 
seem to support th is view.
4.7 Reaction of C l3Ti(NMe2) with MCl^  (M = S i,  Ge, Sn, T i) and Donor 
Solvents
Deep green C l3Ti(NMe2) is  a chloride bridged polymer in the so lid  
phase (282), and i s ,  therefore, lik e ly  to be only weakly basic unless 
the monomeric form is  e a sily  released in solution. A slig ht so lu b ility  
was found in CgDg to give a pale brown solution, the NMR of which, 
showed a single broad resonance at 63.42. Line broadening is  possibly 
due to intermolecular association in solution via either Cl or NMe2 
bridging. No reaction was found between C l3TiNMe2 and either Ti C l4 or 
SnCl^, again indicating the weakly basic nature of the NMe2 group.
In THF and MeCN, however, deep green solutions were formed, which on 
addition of equimolar amoCints of MC14 (M = S i , Ge) gave pale yellow 
solutions of the appropriate bis Ti C l4 complexes, i .e .
MC14 (M = S i ,  Ge)
2C1 oTi(NMe? ) --------------------------> T iC1..2L (L = MeCN, THF) + CUMNMe,
MeCN, THF H i t
The s i ly l  and germyl species were not iso lated . At f i r s t  sight such 
behaviour seems a l i t t l e  odd, as C l3TiNMe2 is  i t s e lf  formed by the 
rupture of a Si-N bond. Scharschmidt (317) has pointed out that the 
s i ly l  substituents greatly affect the rea ctiv ity  of the Si-N bond. The 
order of reactiv ity  of the M-N bond on the basis of the various reactions 
studied in th is section i s ,
Me2Si(NMe2)2 > Me2SiCl (NMe2) > C l3TiNMe2 > Cl3SiNMe2 <\. C l3GeNMe2
C l3TiNMe2 is  coordinatively unsaturated, and should in theory be able 
to function as a Lewis acid. Addition of excess MeCN or THF to C l3TiNMe2
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resulted in  deep green solutions compared to the brown solutions formed 
in non-coordinating solvents. On removal of solvent, deep green, tarry  
products were formed which although showing IR bands indicative of 
coordinated solvent, resisted a ll attempts at p urificatio n . With a two­
fold excess of HMPA in CgHg solution, reaction occurred over a two-week 
period to give a deep brown solution, and pale yellow crysta ls  of trans 
T iC l4 .2HMPA (Section 3 .2 .1 ). As with the Me2SiCl(NMe2)/SnCl4 systems 
(Section 4 .6 ) ,  slow disproportionation is  proposed as the in it ia l  step, i .e .
HMPA
2Cl3Ti(.NMe2) -^---—------  C l2Ti(NMe2 )2 + T iC l4 ------- ► trans TiCl^HMPA
The stoichiometry of the brown Cl2Ti(NMe2)2 was not established.
4 .8 Exchange Reactions between CpTi(NMe? )3 and Cp?Zr(NMe2 )2 with some
Covalent Metal Tetrahalides
4.8.1 Reaction of Cp2T iC l2 with Me2NLi
Cp2T iC l2 reacted with 3 mol equivalents of Me2NLi in n-hexane/toluene 
to give a deep brown solution. Removal of solvent and d is t illa t io n  in vacuo 
gave CpTi(NMe2 )3 as a deep red cry sta llin e  so lid  in 36% y ie ld .
In teresting ly , with the same reactants under s im ila r conditions Chandra 
and Lappert (273) obtained a low y ie ld  of Cp2Ti(NMe2)2< Evidently, 
factors such as reaction time/temperature and exact solvent composition are 
c r it ic a l in  determining the products of th is reaction. Although 
displacement of C5Hg~ by strongly basic oxo anions (e .g . e-diketonates) 
has already been recorded (151), th is  appears to be the f i r s t  example where 
NR2" acts in a sim ilar capacity. The reverse of th is reacion, i . e .  
displacement of HNMe2 by CgHg has been studied by Lappert and coworkers 
(272, 273), who concluded that
M(NMe2 )4 + CgHg -------------->• CpM(NMe2) 3 + HNMe2 (M = T i ,  Zr)
Addition of excess C5Hg resulted in the displacement of a second mol of HNR2
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for M = Zr, but not for M = Ti (273). S teric  crowding between bulky Cp groups 
on the small Ti ( c f . Zr) was here suggested as a possible explanation 
(273), and in a s im ilar vein, reduction of s te ric  compression may be 
the driving force for the displacement of CgHg~ in the currently studied 
reaction.
4.8.2 Reaction of CpTi(NMe,,)3 and CppZr(NMeg), with MCl^  (M = S i ,  Ge, Sn,
T i ,  Z r, Hf)
Dropwise addition of MC14 (M = S i,  Ge, Sn, T i) in CgHg to an equimolar 
amount of CpTi(NMe2)3, also in CgHg, resulted in an immediate colour 
change (red/brown -►yellow, M = S i ,  Ge; red/brown -*■ lig h t brown, M = Sn, T i) .  
Workup of the reaction in each case gave CpTiCl-j as one of the products. 
Sim ilarly , CpTi(NMe2)3 when added to a suspension of MCl^  (M = Zr, Hf) 
in CgHg (1 :1) gave a dark brown so lid  and a light brown solution, which on 
removal of solvent and extraction with n-hexane, likewise yielded CpTiCK.
The identity of the tarry  Zr- or Hf-containing product could not be 
established. Reaction between bright yellow benzene solutions of 
Cp2Zr(NMe)2 and MCl^  (M = S i,  Ge, Sn, T i) gave Cp2ZrCl2 as the Zr-containing 
product in each case. With the TiCl^/Me2Si(NMe2 )2 system, use of non-polar 
solvents such as n-hexane led to the iso lation of 1:1 adducts. When 
n-hexane was used as the solvent for the reaction between Cp2Zr(NMe2)2 
and SnX4 (X = C l, B r), exchange was s t i l l  the dominant reaction, and 
Cp£ZrX2 (X = C l, Br) was isolated from the reaction products.
The general theme of these reactions is  then one of group exchange.
No evidence was found for stable donor complexes in any of the systems 
studied, certa in ly  in concrete terms of isolable m ateria l(s), although 
i t  is  conceivable that adducts could be formed as intermediate species 
in the exchange process.
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Identification of the dimethyl ami no-bearing exchange product 
proved more d if f ic u lt .  For the CpTi(NMe2 )3/MCl4 (M = S i ,  Ge) and 
Cp2Zr(NMe2 ) 2/MCl4 (M = S i ,  Ge) systems, removal of the v o latile  
products in vacuo, followed by d is t il la t io n  in vacuo, gave ClM(NMe2 )3 
(M = S i,  Ge) and C l2M(NMe2 )2 respectively, which were identified by 
th e ir  NMR and IR (M = S i) spectra, i .e .
CpTi(NMe2)3 + MC14 ------------- > CpTiCl3 + ClM(NMe2)3 (M = S i ,  Ge)
CpZr(NMe2)2 + MC14 ------------- > Cp2ZrCl2 + C l2M(NMe2)2 (M = S i , Ge)
On treatment with a large excess of MC14 (M = S i,  Ge), CpTiCl3 and 
Cp2ZrCl2 were again produced, but redistribution of the s i ly l  or 
germyl species occurred to give C l3M(NMe2) (M = S i,  Ge).
From the 1:1 reaction of Cp2Zr(NMe2 )2 and T iC l4 a brown so lid  was 
produced which yielded a chocolate brown sublimate, identified as the 
non-stoichiometric form of "Cl2Ti(NMe2)2" (319). With CpTi(NMe2)3 a 
dark brown solid  was again formed. A NMR spectrum revealed a sharp 
resonance at 63.21 and a series of low intensity resonances in the 62.0 
to 63.7 region, again suggesting a mixture of Ti-NMe2 species. To c la r ify  
the situation , the reactions between CpTi(NMe2)3 or Cp2Zr(.NMe2 )2 with 
a three-fold (M = T i) or two-fold (M = Zr) excess of T iC l4 were investigated. 
In both cases, deep green crysta ls of C l3TiNMe2 were iso lated, i . e .
CpTi(NMe2)3 + 3TiCl4 ---------------- >  CpTiCl3 + 3Cl3Ti(NMe2)
Cp2Zr(NMe2)2 + 2TiCl4 --------------- > Cp2ZrCl2 + 2Cl3Ti(NMe2)
Formation of the non-stoichiometric "Cl2Ti(NMe2)2" in the 1:1 reactions is  
paralleled by the exchange reactions withSn-NMe2, but not Ti-NMe2, where 
well defined cry sta llin e  products were obtained.
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The dimethyl amino-bearing products from the reactions of CpTi(NMe2 ) 3 
and Cp2Zr(NMe2 )2 with SnX f^X = C l, Br) were only poorly defined. Extraction  
of the crude reaction mixtures with Et20 gave CpTiCl3 or Cp2ZrX2 (X = C l , Br) 
and a pale brown in vo latile  so lid  in each case. The NMR spectra of these 
la tte r  compounds (CgDg, 220 MHz) showed several resonances in the 
62.0 - 3.0 region (presumably due to Sn-NMe2 protons) indicating a 
complex mixture of products. The fact that the simple aminochlorostannanes 
have yet to be characterised is  perhaps a reflection  of the d iff icu lty  
in obtaining these species as pure compounds.
4.9 Experimental
4.9.1 Reactions of Me2NCH2NMe? with MX/, (M = T i ,  Sn), VC1  ^ and CrCl3 .2NMe3
(a) TiClyj .(Me2N)2CH2. Dropwise addition of TiCl 4 (ml, 9.1 mol) to 
a stirred  CgHg solution of (Me2N)2CH2 (1.2 m is, 9.1 mmol) gave an 
immediate yellow precipitate and a lime green solution. The solution 
was decanted in vacuo, and the so lid  T iC l4 .(Me2N)2CH2 washed well in 
n-hexane before pumping in vacuo for several hours. Yield 2.5 g (94%).
Analysis based on CgH14N2T iC l4
Calculated C(20.6) H(4.8) N(9.6) C l(48.6) %
Found C(17.0) H(4.0) N(7.7) C l(46.6) %
Bands were found in the IR spectrum a t :-
3178(s), 3125(m), 3038(m), 2296(m), 2936(s), 2831(w), 2799(w), 1500(w),
1477(w), 1456(s), 1447(w), 1430(w), 1409(w), 1233(w), 1213(m), 1190(vw),
1168(m), 1098(w), 1045(s), 1002(s), 948(s), 862(s), 830(s), 725(m), 
676(w), 560(w)-, 510(w), 427(m), 397(s), 379(s), 356(s), 332(m) and 
265 cm"^  respectively.
(b) SnCl/| .(Me2N)2CH2. Reaction of SnCl^ (lm l, 8.5 mmol) and (Me2N)2CH2 
(1.2 ml, 8.5 mmol) in CgHg solution as above gave white SnCl4 .(Me2N)2CH2 . 
Yield 2.8 g (91%).
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Analysis based on CgH^NgSnC^
Calculated C(16.6) H(3.9) N(7.7) C l(39.1) %
Found C(17.7) H(5.2) N(9.0) Cl(38.5) *
The IR spectrum showed bands a t :-
3170(br), 3036(w), 3018(w), 3001(m), 2946(s), 2855(sh), 2806(w),
1494(w,sh), 1479(w), 1467(s), 1462(sh), 1449(w), 1239(w), 1220(s),
1166(w), 1101(w), 1041( s ) , 991( s ) , 952(s), 860(s), 813(w), 722(m),
561(w), 461(w), 392(m), 337(sh) and 319(vs) cm"1 respectively.
(c) VCl^O.SfMegN^C^ ' ^Cl3 9) was stirred  overnight in
excess liquid (Me2N)2CH2 to give insoluble chocolate brown VCl3 .0.5(Me2N)2CH2 in 
quantitative y ie ld .
Analysis based on C5Hi4N2V2C16
Calculated C(14.4) H(3.4) N(6.7) C l(51.0) %
Found C ( l l .7) H(2.7) N(4.5) C l(38.6) X
Bands were found in the IR spectrum a t :-
3144(s), 3030(m), 2996(m), 2975(w), 2940(m), 2790(.w), 2737(w),
1697(w), 1654(s), 1498(w), 1470(w,sh), 1462(s), 1404(w), 1436(w),
1410(w), 1368(s), 1261(w), 1245(m), 1234(w), 1227(w), 1171(w),
1122(m), I063(w), 1045(w), I040(w), I024(m), 998(m), 974(w), 963(m),
920(w), 865(s), 835(w), 723(m), 695(m), 556(w), 475(w), 428(w),
413(w), 387(w), 350(s), 315(s,br) and 227(s) cm-1 respectively.
(d) CrCl,.NMe3.(Me,N)2CH2. A solution of CrC l3.2NMe3( l . lg ,  4.0 mmol) 
in 40 ml CgHg was added 1n vacuo to (Me2N)2CH2 (1 .6  ml, 12.1 mmol). An 
immediate colour change (mauve -► purple) occurred, and on further stirr in g  
a pale lavender so lid  precipitated from solution. The solid was washed 
with n-hexane and dried in vacuo to give CrCl3 .NMe3.(NMe2)2CH2.
(70%).
Yield 0.9 g
O O l
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Analysis based on C8H23N3CrC13
Calculated C(30.1) H(7.2) N(13.1) C l(33.3) %
Found C(32.5) H(7.0) N(12.4) C l(32.7) %
The IR spectrum showed bands a t :-
3040(m), 2995(m), 2930(s), 2855(sh), 2760(w), 1645(m,br), 1485(m), 
1463(m), 1461(m), 1445(w), 1408(w), 1368(w), 1265(w), 1245(w),
1237(w), 1226(w), 1200(w), 1176Cw), 1124(m), 1105(m), 1040(m),
1006(m), 997(m), 960(m), 817(s), 821(s), 717(m), 530(w), 400(m), 
362(m), 350(w) and 347(m) cm-  ^ respectively .
4.9.2 Reaction of TiCl^ with PhgPCHgPPhg (dpm)
(a) TiCl^ (0.5 ml, 4.5 mmol) in CgHg was added dropwise to a solution 
of dpm (1.76 g, 4.5 nmol) in CgHg (120 m l). The pale yellow solution 
formed immediately upon addition, soon gave way to a flocculent orange 
precip itate. Decanting the supernatant liquid and careful washing 
of the so lid  in vacuo with CgHg gave TiCl..dpm , as a bright orange so lid . 
Yield 2.91 g (91%).
Analysis based on TiCl^.CggHggPg
Calculated C(52.3) H(3.9) P(10.8) C l(24.7) *
Found C(53.9) H(4.4) POO.6) Cl (24.3) %
The IR spectrum showed bands a t :-
3085(w,sh), 3070(w,sh), 3050(w), 3037(m), 2954(s), 2933(sh), 2900(sh), 
2870(sh), 1484(s), 1470(w,sh), 1461(vw), 1449(vs), 1366(m), 1357(m),
1347(m), 1308(m), 1278(w), 1262(w), ll89(m ), 1160(w), 111 4(s), 1098(vs), 
1072(w), 1038(m), 1029(m), 1003(vs), 977(w), 888(w), 796(m), 770(w), 
757(w), 750(m), 744(w), 736(s), 726(s), 696(vs), 678(s), 614(w),
525(m), 506(s), 484(w), 469(.s), 447(w), (416(s), 388(s), 380(s),
364(sh), 345(m), 333(m) and 320(sh) cm”  ^ respectively.
(_b) A repeat experiment used a two-fold excess of dpm under the 
same reaction conditions yielded an identical product to (a ).
4.9.3 Exchange reactions between MegSi(NMe )^,, and MCl  ^ (M = S i,  Ge, T i )
(a) Reactions between Me2S1XNMe2)2 and MCI ,^ M = S i ,  Ge. Reactions 
between Me2Si(NMe2)2 and MCl  ^ were carried out on a small scale as neat 
liquids or as CgDg solutions, e.g . GeCl4 (0.5 ml, 4.3 mmol), was added 
dropwise to Me2Si(NMe2)2 (0.78 ml, 4.3 mmol), and after the solution had 
cooled the products were Investigated by NMR (2% CgDg solutions,
re l. TMS 220 MHz). C l2Si(NMe2)2 was also detected by strong Si-N bonds 
at 741 and 686 cm"^  in the IR spectra of the products (liqu id  film ).
(b) Reaction of Me2Si(NMe2)2 and Ti Cl /j (1 :1 ) . Ti Cl  ^ (1 ml, 9.1 mmol) 
in CgHg (30 ml) was added dropwise into a single ampoule bomb containing
a CgHg solution (30 ml) of Me2Si(NMe2)2 (1.07 ml, 9.1 mmol). In it ia l ly ,  
a yellow precip itate and a brown solution was formed, but started to 
turn green a fter only a few minutes. The bomb was degassed,sealed and 
placed in a water bath thermostated at 323 K. After 2 hours no trace of 
the original yellow precip itate remained. The solution was decanted, 
and d is t ille d  in vacuo (318-319 K/0.5 mm) to give a fuming, colourless 
liqu id  identified  as Me2SiCl(NMe2) by H^ NMR.
The so lid  was washed in benzene (3 x 50 ml portions), dried and 
sublimed in vacuo (353 K) to give dark green needles of Cl-jTi(NMe2), 
identified by it s  IR spectrum. A small amount of unreacted yellow solid  
remaining after sublimation was found to be TiCl^.Me2Si(NMe2) by comparison 
with an authentic sample.
(c) Reaction of Me2Si(NMe2)2 with TiCl^ (2 :1 ) . Ti Cl^ (1 ml, 9.1 mmol) 
in CgHg (35 ml) was reacted with Me2Si(NMe2)2 (2.1 ml, 18.2 mmol) as for (b).
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The In it ia l ly  formed yellow precipitate turned green, then brown, 
reaction being complete after 24 hours at 323 K. The solution was 
decanted and d is t ille d  in vacuo to give MegSiCl(NMeg) (B .p. 318-320 K/0.5 mm). 
The residual so lid  was washed with n-hexane and sublimed in  vacuo 
(363-373 K) to give a dark brown so lid  approximating to ClgTi(NMeg)g.
% Cl Calculated (34.3) Found C32.5).
4 .9 .4  Complexes of MegSi(NMe,)g wjth  MCl^  (M = T i ,  Zr, Hf, Sn) and SnBr^
(a) TiCl/|.MegSi(NMeg)2 - TiCl^ (1 ml, 9.1 mmol) in hexane (100 ml) 
was added dropwise over 20 minutes to a solution of MegSi(NMeg)g (1.07 mis,
9.1 mmol) in hexane (200 ml) give a pale yellow precip itate and a lig ht  
brown solution. The solution was decanted, and the solvent removed in vacuo 
to give a small amount of gree/brown solid (A-0.1  g), vacuum sublimation
of which gave ClgTi^NMeg), identified from it s  IR spectrum. Repeated 
washing of the yellow so lid  until the washings were colourless (4 x 200 ml 
hexane) gave TiCl^.MegSi(NMeg)g as a pale yellow so lid  (2 .9  g, 95%).
M.p. (decomp.) <v. 423 K.
Analysis based on TiC^CgH^gNgSi
Calculated C(21.5) H(5.4) N(8.3) C l(42.2) %
Found C(21.7) H(5.5) N(8.5) C l(42.1) %
The IR spectrum showed bands a t :-
3140(br), 3040(w), 2975(m), 2940(m), 2855(m), 2804(w), 1469(s),
1458(w), 1450(w), 1440(w), 1413(m), 1305(m), 1264(s), 1233(m), 1176(w), 
1110(s), 1100(w), 1009(s), 1005(m), 900(vs), 847(s), 816(s), 810(s), 
719(s), 637(m), 589(s), 491(m), 417(s), 405(m), 365(vs) and 322(m) cm' 1 
respectively.
(b) A repeat experiment of (a) using a two-fold excess of MegSiiNMegJg 
gave an identical product.
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(c l SnCl/].MegSi(NMeg)^. SnCl^ (1 ml, 8.5 mmol) in  CgHg (100 ml) when 
added dropwise to MegSi(NMe2)2 (1.54 mis, 8.5 mmol) in CgDg (200 ml) gave 
a white precipitate of SnCl^.MegSi(NMe2)2, which was washed with 4 x 150 ml 
portions of CgHg. Yield 3.1 g (91%). Further purification could be 
achieved by either sublimation in high vacuum (403-413 K) or 
recry sta llisa tio n  from hot CHgClg.
Analysis based on SnCl^CgHjgNgSi
Calculated C(17.7) H(4.4) N(6.9) C l(34.9) %
Found C(17.6) H(4.5) N(6.9) Cl(34.9) %
IR bands were observed a t :-
3210 (b r), 3036(m), 2990(w), 2980(m), 2948(s), 2910(w), 2855(w),
2820(w), 2862(w), 2780(w), 1474(W), 1464(s), 1450(sh), 1436(w), 
1413(m), 1407(vw), 1397(w), 1302(w), 1265(s), 1234(m), 1168(w),
1114(s ) ,  1102(w), 1009(vs), 890(vs) ,  849(vs), 818(vs), 716(s),
610(m), 588(s), 484(s), 393(w), 378(w), 340(m), 328(sh), 320(vs) 
and 260(m) cm" 1 respectively.
(d) A repeat experiment of (c) using a two-fold excess yielded an 
identical product.
(e) ZrCl^.Me2Si(NMe2)2. Me2Si(NMe2 )2 (1.3 ml, 7.25 mmol) in CgHg (50 ml) 
was added dropwise to a vigorously stirred  suspension of ZrCl^ (1.7 g,
7.25 mmol) in CgHg (200 ml). After addition was complete, stirr in g  was 
continued for 24 hours. Removal of the solvent, and washing with CgHg 
gave ZrCl4 .Me2Si(NMe2)2 as a s lig h tly  off-white so lid . Yield 2.6 g (96%).
M.p. (decomp.) 423 K.
Analysis based on ZrCl4CgH^ gN2Si
Calculated C(19.0) H(4.8) N(7.4) C l(38.2) %
C(19.2) H(4.9) N(7.4) Cl (37.5) %Found
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The IR spectrum showed bands a t :-
3030 (m), 2970(s), 2905(w), 2858(w), 2810(w), 1468(.s), 1460(sh),
1448(w), 1415(m), 1305(s), 1266(s), 1230(s), 1164(m), 1169(s), 1101(m),
1071(m), 1005(vs), 890(s), 848(s), 816(sh), 809(s), 717(s), 677(w),
619(m), 582( s ), 486(s), 392(w), 380(m), 344(vs), and 311(m) cm" 1 
respectively.
(f) A repeat experiment of (e) with a two-fold excess of ligand 
gave an identical product.
(g) HfClv Me2Si(NMe2)2 . Me2Si(NMe2)2 (0.7 ml, 3.9 mmol) and HfCl4 
(1.24 g, 3.9 mmol) reacted as in (e) to give HfCl4 .Me2Si(NMe2 )2 (1.60 g),
89% as an off-white so lid . M.p. (decomp.) 428 K.
Analysis based on HfCl^CgH^gf^Si
Calculated C(.15.4) H(3.9) N(6.0) Cl (30.4) %
Found C(15.2) H(3.7) N(5.7) C l(30.1) %
The IR spectrum showed bands a t :-
3031(b r), 2969(s), 2948(m), 2900(w), 2856(m), 2820(w), 2800(w),
1465(s), 1458(sh), 1438(m), 1416(m), 1305(m), 1262(s), 1229(m),
1164(w), lll0 (m ), llOO(w), I002(s), 888( s ) ,  849(s), 810(vs), 718(s),
625Cm), 585(m), 492(m), 398Cw), 378(.w), 342(m) and 313(vs) cm' 1 
respectively.
(h) SnBrA.Me2$i(NMe2)2 . SnBr  ^ (2.9 g, 6.8 mmol) in CgHg (150 mis) 
was added dropwise to Me2Si(NMe2 )2 (1.2 mis, 6.8 mmol) in CgHg (200 ml).
An immediate reaction occurred to give a white precip itate of SnBr4 .Me2Si(NMe2)2, 
which was washed with CgHg and n-hexane, and dried in vacuo. Yield 3.7 g 
(94%).
Analysis based on SnBr4CgH^ gN2Si
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Calculated C(12.3) H(3.1) N(4.8) Br(54.7) %
Found C(12.4) H(3 .1) N(4.7) Br(54.8) %
Bands were found in the IR spectrum a t :-
3195(w), 3038(w), 2972(m), 2931(s), 2897Cm), 2855(m), 2805(w)
1467(s][, 1458(m), 1440(w), 1415(m), 1274(s), 1234(m), 1172(w),
1162(w), 1117(m), 1106(s), 1016(s), 983(s), 852(s), 827(s),
821(s ) , 723(s), 618(m), 588(m), 484(m), 395(w), 378(w) and 214 (vs) cm' 1 
respectively.
( i )  A repeat experiment of (h) using a two-fold excess of Me2Si(NMe2 )2 
yielded ar. identical product.
4 .9 .5  Reaction of MegSiCl(NMe2) with MCI^  (M = Sn, T i )
(a) SnCl4 (1.4 ml, 12.3 mmol) in CgHg (<30 ml) was added dropwise
to a single ampoule bomb containing Me2SiCl(NMe2) (3.4 g, 24.6 mmol) in 
C6H6 (~30 ml). The bomb was degassed, sealed and placed in a thermostat 
bath at 313 K. After 3 days, colourless crysta ls  began to appear, which
were collected, washed with n-hexane and dried in vacuo. An IR spectrum
identified the product as SnCl4 .Me2Si(NMe2)2. Yield 2.6 g (67.1%). 
D istilla tio n  of the remaining liqu id  fraction gave a colourless liq u id , 
identified as Me2S iC l2 by it s  ] H NMR spectrum. B.p. 342 K/760 mm, l i t .  343 K/ 
760 mm.
(b) A repeat experiment of (a) using a four-fold excess of Me2SiCl(NMe2) 
yielded an identical product.
(c) TÍCI4 (1.3 ml, 11.8 mmol) in CgHg (<vlO ml) was added dropwise 
to a single ampoule bomb containing Me2SiCl(NMe2) (1.6 g, 11.8 mmol)
in CgHg ( y  60 ml), to give a dark brown solution. The bomb was degassed,
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sealed and placed in a thermostated bath at 313 K. After 24 hours, green 
needles were deposited. These were collected, washed with n-hexane, dried 
in vacuo and sublimed in vacuo (363 k) to give C l3Ti(NMe2) in almost 
q u an tita tive  y ie ld . There were no other so lid  products. D istilla tio n  
of the remaining solution gave Me2S iC l2 in low y ie ld  (V|5 %).  B.p. 340 K/
760 mm, l i t .  343 K/760 mm.
(d) A repeat experiment to (c) using identical proportions of 
reactants, but n-hexane as the solvent gave the same products, but 
precipitation of C l3Ti(NMe2) appeared to be complete after only 2 hours.
I
(e) A repeat experiment to (c) using a two-fold excess of Me2SiCl (NMe2) 
also gave ClgTi^NMeg) as the sole so lid  product.
4.9.6 Reaction of Cl-^TifNMep) with MCl^  (M = S i,  Ge) and HMPA
(a) Samples of re-sublimed C l3Ti(NMe2) (VI g) were dissolved in 
either MeCN or THF ('<60 ml) to give deep green solutions. Dropwise 
addition of equimolar amounts of either Si Cl^ or GeCl^ in CgHg (V10 ml) 
to these solutions gave an immediate colour change (green -*■ pale yellow).
The THF solutions were reduced to i* 5 ml by removal of solvent and vo latile  
reaction products in vacuo, whereupon, yellow crysta ls of TiC1^.2THF 
appeared on cooling. An IR spectrum of the product proved to be 
identical to that of an authentic sample of T iC l4 . 2THF. MeCN solutions 
were worked up as follow s:- removal of a ll v o la tile  products gave a pale 
yellow so lid , which on vacuum sublimation (33 K) gave pale yellow crystals  
of TiC1^.2MeCN, identified by comparison to an authentic sample.
(b) HMPA (3.5 ml, 20.0 mmol) was added to a sing le ampoule bomb 
containing C l3Ti(NMe2) (0.9 g, 4.5 mmol) in CgHg (<v60 ml), giving a
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dark brown solution. After 2 weeks, a small amount of pale yellow 
crysta ls  had formed, which were collected, carefu lly  washed with CgHg 
and n-hexane and dried in vacuo. An IR spectrum identified  the 
product as trans TiC1 .^2HMPA (0.5 g, 20.3%). The Ti/NMe2 species 
was not iso lated.
4.9 .7  Exchange reactions between CpTi(NMe2 )3 and Cp2Zr(NMe2)2 and 
covalent metal halides
(a) Reaction between CpgTiClg and LiNMe .^ A suspension of Me2NLi 
was prepared by admitting gaseous Me2NH (18.0 g, 0.4 mol) to a stirred , 
cooled (195 K) solution of BuLi (19.6 g, 0.31 mol) in n-hexane (600 ml), 
the whole operation being carried out in vacuo. After allowing the 
reactants to warm to room temperature, butane and excess Me2NH were 
pumped off to give a white Me2NLi/n-hexane s lu rry . The slurry was 
cooled to 273 K and a solution/suspension of Cp2T iC l2 (38 g, 0.15 mol) 
in toluene (600 ml) was ca refu lly  added under a N2 atmosphere. As the 
reaction proceeded, the colour changed from yellow brown, eventually 
giving an almost black solution after 24 hours. The reaction mixture 
was refluxed for 6 hours, and on cooling, the Li Cl formed was removed 
by f ilt ra t io n  under an N2 atmosphere. Removal of the solvent in vacuo 
gave a dark red/brown liq u id , which on d is t illa t io n  (371 K, 1.5 mmHg) 
gave 13.6 g of CpTifNMe^ as a dark red low melting point crysta llin e  so lid  
(36.0%).
Analysis based on C ] iH23N3Tl"
% Ti Calculated (19.53 Found (19.40)
The NMR spectrum (l0%/CgDg/220 MHz) showed sharp, sing le  resonances at 
63.14 (18 protons) and 65.97 (5 protons).
The IR spectrum (liq u id  film ) showed bands a t :-
3100(w), 2978(m), 2957(m), 2890(w), 2844(s), 2806(s), 2760(s), 2695(w),
2644(w), 2230(w), 2144(w), 2080(w), 1790(w), 1690(w), 1661(vw), 1625(w),
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1590(w), 1447(s), 1415(s) ,  1395(w), 1373(w), 1365(w), 1238(s),
1140(s ), 1118(w), 1098(m), I075(w), I048(m), 1018(m), 965(w),
950(vs), 795(s), 570(s), 401(sh) and 380(m) cm~* respectively.
(b) Preparation of CpgZrfNMegJg. CpgZrfNMegJg was prepared from 
CpgZrClg and MegNLi by the method of Jenkins et al^  (275).
Bands were found in the IR spectrum a t :-
3090(w), 2960(m), 2855(m), 2810(s), 2760(s), 1650(w), 1635(w), 1610(w),
1565(m), 1445(m), 1425(w), 1365(w), 1236(s), 1132(s), 1124(sh), I056(m),
1028(m), 1016(m), 952(s), 943(s), 849(w), 795(vs), 616(s), 668(w), 
645(w), 537(m) and 350(m) cm'^  respectively.
The NMR spectrum (CgDg r e l . TMS, 220 MHz) showed sing le, sharp 
resonances at 62.86 (12 protons) and 65.33 (10 protons) corresponding 
to the NMe2 and Cp groups respectively.
(c) Reaction between CpTiCNMeg)  ^ and Si Cl^. CpTi(NMe2)3 (2.04 g,
8.3 mmol) was dissolved in CgHg (<v50 ml) and Si Cl 4( 1.41 g, 8.3 mmol) was 
condensed onto the frozen solution at 77 K. On warming to room temperature 
a dark brown solid was formed, and a pale yellow solution. The solvent 
and vo la tile  products were removed in vacuo to leave a dark brown so lid , 
which on sublimation in  vacuo (.333 K) gave CpTiCl3 as an orange/yellow 
crysta llin e  sublimate. Yield 0.899 (48.8%).
Analysis based on CgHgTiCl^
% Cl Calculated (48.5) Found (48.5)
D istilla tio n  of the v o la t ile  products in vacuo gave a colourless, fuming 
liq u id , identified as CISiiNMegJg by it s  NMR spectrum which was found 
to be identical to an authentic sample.
(d) Reaction between CpTi.(NMe2),3 and GeCl^. CpTi(NMe2 )3 (0.98 g,
4.0 mmol) and GeCl4 (0.86 g, 4.0 mmol) when reacted together in CgHg solution
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as for (a) gave CpTiCl3 (.0.46 g, 52.5%). ClGe(NMe2 )3 was identified  
as the germyl reaction product by it s  NMR spectrum, which was identical 
to that of an authentic sample.
(e) Reaction between CpTi(NMe2 )3 and SnCl^. CpTi(NMe2 )3 (1.6 g,
6.5 mmol) was dissolved in CgHg (><60 ml) to give a dark red solution. To 
th is was added SnCl^ (0.76 ml, 6.5 mmol) in CgHg (<\<20 ml) which gave
a deep brown solution and a brown o i l .  The solution was decanted in vacuo, 
and on removal of the solvent gave a red/brown tarry product. Extraction 
of th is so lid  with dry Et20 gave a pale red solution and a light brown 
so lid . Removal of Et20 from the red solution gave an orange so lid  which 
on sublimation in vacuo gave CpTiCl3 (0.21g, 15%). The lig h t brown solid  
showed bands in the IR spectrum a t :-
3215(s), 3025(w), 3005(w), 2996(w), 2848(w), 2832(m), 1463(s),
1450(w), 1433(m), 14l0(w), 1398(m), 1278(m), 1230(w), 1123(s),
1078(s), 1026(s ) , 866( s ) ,  816(m,br), 727(w), 555(w,br), 485(m,br), 
445(m,br) and 323(vs,br) cm-1 respectively.
(f) Reaction between CpTi(NMe2)T and TiCl/] (1 :1 ). CpTi(NMe2)3 (0.8 g,
3.0 mmol) and T iC l4 (0.33 ml, 3.0 mmol) when reacted as in (e) gave a
dark brown solution. Removal of the solvent in vacuo and washing with n- 
hexane gave a dark brown product, analysing as ci i H23N3Ti 2C14 - A NMR 
spectrum (CgDg) of the so lid  revealed the presence of CpTiCl3 as the sole 
cyclopentadienyl-containing species.
(g) A repeat experiment to (f) using a three-fold excess of T iC l4 
gave a dark brown so lid , which on careful sublimation, gave traces of both 
CpTiCl3 and C l3Ti.(NMe2), identified by the ir IR spectra.
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(h) Reaction of CpTi(NMe2 ) 3 with MCI/[ (M = Zr, H f). CpTi(NMe)3 was 
added to an equimolar amount of either ZrCl^ or HfCl^ in CgHg to give a 
dark brown solution and a dark brown o i l ,  in each case. Removal of 
solvent and extraction of the resultant tarry  brown solids with n-hexane, 
gave pale yellow solutions which, on concentration, gave traces of 
CpTiCU. Tn neither case could the brown, tarry  residue be identified.
( i )  Reaction of Cp2Zr(NMe2 )2 with Si Cl^ (1 :1 ). A single ampoule 
bomb containing Cp2Zr(NMe2 )2 (0.34 g, 1.1 mmol) was connected to the 
vacuum lin e , and CgHg (^50 ml) d is t ille d  on at 77 K. SiCl^ (0.2 g,
1.1 nmol) was then d is t il le d  onto the frozen benzene solution at 77 K 
as for (c ) . On warming to room temperature, the pale yellow colour of 
Cp2Zr(NMe2 )2 was discharged to give a colourless solution. Removal of 
solvent and v o la tile  products in vacuo gave a white so lid , identified  
as Cp2ZrCl2 by it s  IR spectrum in quantitative yield. D istilla tio n  of 
the v o latile  products gave a small amount of C l2Si(NMe2 )2 identified  
by it s  NMR spectrum (CgHg).
( j )  A repeat experiment to ( i )  using a two-fold excess of S iC l4 
gave Cp2ZrCl2 and a fuming liqu id  identified as C l3Si(NMe2) by it s  NMR 
spectrum (CgHg).
(k) Reaction of Cp2Zr(NMe2 )2 with GeCl/|. Cp2Zr(NMe2 )2 (0.55 g,
1.76 mmol) and GeCl  ^ (0.38 g, 1.8 mmol) reacted as in ( i )  to give Cp2ZrCl2 
in quantitative y ie ld  and a fuming liquid  identified  as C l2Ge(NMe2 )2 by 
comparison of i t s  H^ NMR spectrum (.CgHg) with an authentic sample.
Q ) A repeat experiment to (k) with a two-fold excess of GeCl  ^ again 
gave Cp2ZrCl2, and a colourless fuming liquid  identified as C l3Ge(NMe2) by 
i t s  H^ NMR spectrum (CgHg).
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(m) Reaction of Cp2Zr(NMe2)2 with SnCl/|. SnCl4 (0.64 ml, 5.5 mmol) 
in CgHg H 5 0  ml) was added dropwise to a well s t irre d  solution of 
Cp2Zr(NMe2 )2 (.1.7 g, 5.5 mmol) in CgHg (200 ml) to give a pale brown so lid  
and a pale brown solution. The solvent was removed in vacuo, and the 
resultant pale brown solid extracted with dry Et20 to leave a pale brown 
insoluble so lid . Removal of the Et20 solvent gave an off-white so lid  which, 
on sublimation in vacuo (423 K) gave Cp2ZrCl2, identified  by it s  IR 
spectrum.
(n) A repeat experiment to (m) using sim ilar quantities of reagents 
but with, n-hexane, led to the immediate precipitation of a white so lid .
An IR spectrum of the crude products showed Cp2ZrCl2 to be a major 
constituent of the reaction products. The NMR spectrum (CgDg) contained 
a single resonance in the Cp region of the spectrum corresponding to 
Cp2ZrCl2.
(o) Reaction of Cp2Zr(NMe2 )2 with SnBr/|. SnBr^ (0.85 g, 1.9 mmol) 
in n-hexane (150 ml) was added dropwise to Cp2Zr(NMe2 )2 (0.6 g, 1.9 mmol) 
also in n-hexane (200 ml) giving an immediate precip itate of a white so lid .
An IR spectrum of the crude products revealed Cp2ZrBr2 to be a major 
constituent of the reaction products. The H^ NMR spectrum (CgDg) contained 
a single Cp resonance corresponding to Cp2ZrBr2.
(p) Reaction of Cp?Zr(NMe2)o with TiCl^. TiCl^ (1.4 ml, 1.3 mmol) 
in CgHg (10 ml) was added to Cp2Zr(NMe2)2 (0.4 g, 1.3 mmol) also in CgHg
(50 ml) to give a pale brown solution. The solvent was removed in vacuo to 
give a dark brown so lid  which, on sublimation (363 K), gave a chocolate 
brown solid  analysing approximately as Cl2Ti(NMe2 )2. A H^ NMR spectrum (CgDg)
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of the residues obtained a fte r sublimation revealed Cp2ZrCl2 as the sole  
Cp containing product.
(q) A repeat experiment of (p) with a two-fold excess of TiCl^ gave 
a dark brown solution, which on removal of the CgHg solvent produced a 
dark green so lid . Fractional sublimation of th is solid  gave two products 
corresponding to Cl-jTiiNN^) (T = 363 K) and CpgZrClg (T = 423 K ).
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CHAPTER 5
5.1 INTRODUCTION
5.1.1 Bonding in inorganic heterocycles
The chemistry of heterocycles containing alternating heteroatoms 
described by Haiduc (321, 322) as 'alternation heterocycles' has long been 
a subject of in terest. In 1834, Liebig and Wohler synthesised the ir  
'phosphonitrilic chloride' ( (C12PNH)X ) , the forerunners of such species. 
This discovery was quickly followed by that of (SN)^ in 1835, and la ter  
by (Ph2SiO)3 (.1905) and borazine (HBNH)3 (1926). Since then a large 
number of alternation heterocycles containing most combinations of p-block 
elements, and with a wide variety of substituents have been synthesised.
This extensive fie ld  has been comprehensively reviewed by Haiduc (321, 322).
Much of the interest in alternation heterocycles has focused on the 
bonding in these systems. In molecules such as sym-trioxan ( (CH20 )3 ) or 
sym-trithiane ( (CH2S)3 ) the 4 coordinate sp3 carbon atoms have no 
low-energy p- or d-orbitals suitable for further ir-bonding to the 0 or S 
atoms, and the rings function as simple cy c lic  polyethers and polythioethers 
respectively. When atoms with readily available p- (e .g . B,N,0) or d- 
(e .g . P, S , As, Sb, Se, S i ,  Ge) o rb ita ls are included as heteroatoms, 
however, delocalisation of electron density can occur in the ring giving 
r ise  to a conjugated w-systems.
The borazines provide an example where such a ir-system is  made up 
so lely of p -o rb ita ls. The parent borazine molecule (HBNH)3 or cyclo-1,3,5- 
tribora-2,4 ,6-triazane is  a colourless vo la tile  liq u id  which is  isoelectronic  
with benzene.
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Electron d iffractio n  studies reveal a planar (D3h) symmetry, with s ix  equal 
B-N bond lengths (321, 322). Both B and N atoms are SP2 hybridised, 
and overlap of the f i l le d  N(p)-orbital (the N lone pair) and the vacant 
B(p)-orbital resu lts in the formation of a cy c lic  6ir-electron system.
NMR studies have established that a ring current ex ists in the 
borazines, and that they therefore, contain aromatic character (323).
The borazines are not as fu lly  delocalised as benzene, however, as 
differences in the e lectronegativ ities of the B and N heteroatoms causes 
a certain amount of (B -*■ N)a-donation which weakens the ir-system.
Armstrong and Clark (324) have calculated both the ir(N-»-B) and a(B -*■ N) 
contributions to the u-system in borazine, F ig . 5 .1 .1 . The overall 
picture for the borazines can, therefore, be summarised as having a 
to ta lly  delocalised but weak w-system.
Fig. 5.1.1 Schematic Diagram of Borazine Showing B-*N a - Donation,
N -*■ B ir-Donation and Overall Charges on B and N
The boroxines (RB0)x and borathianes (RBS)X appear to be delocalised to a
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much smaller extent (321).
When second and third row elements ( t .e .  S i ,  Ge, P, As, S, Se) are 
present as ring heteroatoms, the ir-system may be augmented by a contribution 
from (p-d) ir-bonding. The most widely studied series of th is  type in terms 
of bonding are the phosphazenes. After setting up a simple a-framework, 
one electron is  le ft  on P(V), and three on N. I t  is  generally accepted 
that two of the three N electrons are localised in a lone pair (sp2) 
o rb ita l, leaving one electron on both P and N free to participate in 
ir-bonding (325). The ir-bonding in  the phosphazenes can, to a f i r s t  
approximation, be described by a combination of N(P ), P(d ) and P(d ) 
orb ita l overlap. There is  no s ig n ifican t interaction between N(PZ) and 
P(d , d 2 „2 or d o ) o rb ita ls , as the la tte r  are of the wrong symmetry.
By taking different combinations of N(pz) and P(dyz) o rb ita ls , two 
different bonding schemes are possible. I f  only the N(pz ) and P(dxz) 
o rb ita ls  participate in ir-bonding a broadly delocalised pseudoaromatic 
ir-orbital would be formed, Fig. 5 .1 .2a.
I f  overlap is  only achieved between N(pz) and P(dy z) a delocalised system 
would again be formed, sim ilar in character to the pir-pir aromatic system 
found in the borazines (325). Involvement of both P(dxz) and P(dyz)
Fig. 5.1.2 Formation of Skeletal dir-pir Bonds
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gives a to ta lly  different w-system in which the ir-orbitals separate out 
into "islands" of ir-character interrupted by the P atoms (326) (Fig . 5 .1 .3 ).
F ig . 5.1.3 "Island" Model for Cyclophosphazenes (f^PN^
Craig and Mitchell (326) have calculated that for equal participation of
accounts fo r 85-95% of the delocalisation energy, the remaining 5-15% being 
due to delocalisation over the whole ring. The ir-bonding in  these 
molecules i s  complex, and at present there is  no unambiguous experimental 
evidence which favours one model over the other.
An analogous series of compounds to the phosphazenes are the
I
cyclosilazanes (F^SiNR )x . Unlike the phosphazenes, the ir-system in 
the cyclosilazanes is  populated by the delocalisation of the N lone 
pair into the ring w-electron cloud. There i s ,  therefore, no formal lone 
pair on the N atom. The same dichotomy over w-bonding found with the 
phosphazenes also ex ists with the cyclosilazanes, with no defin ite  
preferred bonding scheme. However, NMR studies have established  
both a lack  of ring current (327), ( i .e .  aromaticity) and the lack of 
transmission effects through the Si-N-Si linkages (262). These 
observations, coupled with the known donor chemistry of the cyclosilazanes
(P(dxz) and P(dyz) o rb ita ls , the three-centre "island" type bonding,
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(see Section 5.1.2) suggest an "island" description of the w-bonding 
to be the most appropriate. For the cyclosiloxanes, short Si-0 bond lengths 
(e .g . 1.614 X in (Me2SiO)3) were again interpreted in terms of a pu-dir 
interaction , although the resonance energy in this case appears to be 
very small. The type of bonding i s  uncertain, but LCA0-M0 calculations  
favour the "island" bonding scheme. Of note are the low bond angles 
in  (Me2SiO)3, i .e .  S i8si (136°) and OSiO (104°) c f . SiOSi (142.5°),
O i^O (109°) in (Me2SiO)4 (321). The greater b asicity  of the trim eric  
ring was attributed to ring stra in  (321).
5 .1 .2  Donor chemistry of alternation heterocycles
The donor chemistry of the alternation heterocycles must, to some 
extent, re fle ct the electronic structure of the ring and can, therefore, 
be used as a probe into the internal ring bonding. Two different sorts 
of complexes are possible, depending on whether the ring electron 
density is  localised on a donor atom, or spread out over the entire  
iT-system.
The f i r s t  of these p o ss ib ilit ie s  is  illu stra te d  in the complexes of 
sym-trithiane ( (CH2S)3 ) (328-333) and tetrahydrotriazine (334) (CH2NR)3. 
These molecules act purely as o-donors towards metal halides (328-331) 
and carbonyls (332-33), there being no evidence for any sort of ir-interaction. 
The borazines on the other hand present a quite different p icture.
I
Photolysis of (RBNR )3/M(C0)g solutions, or displacement of coordinated 
solvent molecules from M(C0)3 .3L (L = MeCN, THF, dioxan) by the appropriate
I
borazine both give neutral octahedral complexes of the type M(C0)3.(RBNR )3 
(335). In each case, the borazine ring was believed to be coordinated to 
the M(C0)3 moiety via the ring w-system as in  Cr(C0)3 (MegCg) . For 
Cr(C0)3(EtNBEt)3, th is structural assignment has been confirmed by a single
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crystal X-ray study (336) (F ig . 5 .1 .4 ).
Fig . 5.1.4 Crystal Structure of Cr(C0)3 (EtNBEt)3
Slight puckering of the (EtNBEt)3 ring was observed in the complex, 
the Cr-N bond (2.22 8) being marginally shorter than Cr-B (2.31 8) .  I t  
was suggested that th is may be a resu lt of localisation  of electron 
density on the N atoms (337). Since the difference between the Cr-N and 
Cr-B bond lengths corresponds to the difference in covalent radii of B 
and N, however, i t  was not possible to decide between localised and 
delocalised bonding models (338). The borazines can also act as a-donors. 
Reactions of (MeNBH)3 with excess HC1 gives the trihydrochloride sa lt  
(MeNBH)3 .3HCl, in which i t  is  believed that the three ring N atoms are 
protinated (337). The donor chemistry of the borazines has been reviewed 
(335).
The uncertainty surrounding the ir-bonding in phosphazenes is  carried  
over into their donor chemistry. A number of crystal structures have
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appeared, with both metal halides (339, 340), and metal carbonyls (338, 341) 
as the acceptor species. The structures of CuCl2(Me2PN)4 (339) and 
(NgPg(NMe2 )^2 )CuCl+CuCl2~ (340) both show the metal atom coordinated to a 
N centre in  a o sense via a N lone p a ir. (N4P4(NMe2)8)W(C0)4 presents 
a rather unusual example (341), with both c y c lic  and exocyclic N atoms 
coordinated to W. Cotton and coworkers found a somewhat d ifferent mode 
of coordination with (Me2PN)4M(C0)3 (338). The crystal structure was 
here found to bear a d istin ct overall resemblance to Mo(C0)3 (cycloocta- 
tetrene), although poor crystal data prevented a detailed bonding an a lysis. 
The proposed structure for the bright yellow (C l2P-N)3 .Cr(C0)3 isolated  
by Hota and Harris included a ring acting as an arene-type ir-donor (342).
The mode of bonding in cyclosilazane complexes appears to be more 
straightforward. Willey found no evidence for any w-donor a c t iv ity  for 
(Me2SiNH) 3 towards M(C0)g (M = Cr, Mo, W) (299), which is  in accordance 
with the "island" type model (Section 5 .1 .1 ). Instead, well defined 
octahedral adducts were obtained with covalent metal t r ih a lid e s , 
i . e .  (Me2SiNH)3 .MCl3 (M = T i, V) (2 9 9 ).’ A structure of the type
Cl
Fig . 5.1.5 Proposed Structure of (Me2SiNH)3MCl3, (M= T i,V )
was proposed, in which only the N atom were coordinated to the metal ion (299).
1 i
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Further studies with both the trim eric and tetrameric rings ((Me2SiNH) 3 4 ) 
provided complexes with MCI4 (M = T i ,  Sn) (298, 300) and MCI3 (M = T i ,  V)
(300). (Ph2SiPPh)3 i s  also believed to act as a terdentate donor in 
(Ph2SiPh)3 .Mo(C0)3 (343). Localisation of the donor atom lone pair is  
apparent in  complexes of (S4N4 ) .  The crystal structures of $4N4 .SbClg (344) 
and S4N4 .BF3 (.345) show the ring to be coordinated through only one of 
the four ring N atoms.
5.2.1 Reactions of (CH20)3 with MCl^  (M = T i ,  Sn) and ZrCl^NMe^
MCI4 (M = T i ,  Sn) reacted with (CH20)3 in CgHg solution (1:2) to 
give glutinous off-white p recip itates. Work up of the reaction products 
gave off-white powdery solids of indefin ite  composition. The IR spectra 
of these products was sim ilar, with only broad bands of l i t t l e  diagnostic 
value, and a featureless metal halide region. Th is, coupled with a 
general in so lu b ility  in a ll common solvents, strongly suggests a polymeric 
formulation. This resu lt does not set a précédant. Polymerisation 
involving (CH20)3 has previously been observed with metal halide ca ta ly sts , 
although under somewhat forcing conditions (346). Ring degradation to give 
the parent formaldehyde (CH2C0) was found with ZnCl2 and FeCl3 (347).
A mechanism in which ring opening of the trim eric ring occurs as an in it ia l  
step followed by polymerisation via M - (^-CH20-CH20-CH20-) coordination is  
proposed. ZnCl2 and FeCl3 by v irtue of the ir low Lewis a c id it ie s  and 
re la t iv e ly  unreactive M-Cl bonds, are less lik e ly  to be able to in it ia te  
the second polymerisation step than MCI4 (M = T i ,  Sn). The iso latio n  of 
SnCl4 . 2CH2 (0Me)2 (.348) as a stable adduct is  in  keeping with the proposed 
intermediate complex.
s-Trioxan displaced coordinated coordinated NMe3 from solutions of 
ZrCl4 .2NMe3 in CgHg to give a powdery white solid  of approximate composition
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ZrCl^. 2(CH20 )3 . The IR spectrum, however, bore l i t t l e  resemblance to 
that of the free ligand (349), ind icating  ring opening as the most lik e ly  
product. A strong band at 305 cm" 1 i s  assigned as a Zr-Cl stretch in g  mode. 
The iso la tio n  of the ring opened complex fo r M = Zr is  further evidence 
for the s im ila r  complexes proposed in the polymerisation of (C^O)^ by 
MC14 (M = T i ,  Sn).
5 .2 .2  Reaction of (CHgO)  ^ with MCl,.2NMe3 (M= V, C r)
Addition of CgHg solutions of MCl3 .2NMe3 (M = V, Cr) to a three-fold  
excess of (C^O)^ produced no immediate change, but on removal o f  
so lvent, pale pink (M = V) or pale mauve (M = Cr) so lid s were obtained. 
M icroanalysis revealed the products to be mixed adducts ( i .e .  containing 
both NMe3 and (C^OJ-j) of no d e fin ite  stoichiom etry. Bands in the IR 
spectrum at 1265 cm- 1 ,v as(CN); 995-997 cm'1 ,p(CH3) ; 820-827 cm_ 1 ,v s (CN); 
523-536 cm- 1 , 6__(cm) and 440-445 cm"1 , 6e(CN) are attributab le  to coordinated 
trim ethyl amine (66) . Bands at 1730-1735 cm"1; 1244-1245 cm”1; 995-998 cm 1
I
(a-| breathing mode) and 510 cm (a ring  deformation) ind icate  the presence 
of coordinated (CH,0)3 (349). Unfortunately, bands diagnostic of the 
d en tic ity  of the coordinated (CHgOJj were in each case masked by intense 
NMe3 bands. Strong bands at 330, 310 cm“ 1 (M = V) and 387, 380 cm" 1 (M = Cr) 
are assigned as M-Cl stretching modes. Both compounds were found to be 
supprising ly soluble in non-polar solvents such as CgHg and n-hexane. 
Coordinating solvents induced ligand su b stitu tio n . For the V complex, 
solution in MeCN was accompanied by a colour change (pink -*• green), and 
VC13 .3MeCN was Identified  by comparison o f the UV spectra of the test  
solution and an authentic sample.
In conclusion, (CHgOJ-j was found to act as a weak 0 donor towards 
both V ( I I I )  and Cr ( I I I ) .  With the more powerful Lewis acids MC14 (M * T i ,  
Z r, Sn) ring opening rather than complexation predominates.
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5.3 Complexes of (CH,S) 3 with Covalent Metal Chlorides
Solutions of MCl^  (M = T i ,  Sn ), AuClj in CHCl  ^ or SbClg in CCl  ^
reacted with solutions of s -tr ith ia n e  in the same solvent to precip itate  
simple 1:1 (M = Au ( I I I ) ,  Sb (V)) or 1:2 (M = T i, Sn) adducts. (CH2S)3 
reacted with a suspension of ZrCl^ in CHC13 to give an addition compound, 
but samples were found to be contaminated with unreacted metal halide.
Attempts to extract the ZrCl^.ZiCh^S)^ with CHC13 (which proved a suitable 
solvent for the Sn (IV) adduct) using a Soxhlet apparatus resulted in 
small amounts of free (CH2S)3< Sym-trithiane reacted with two mole 
equivalents of T iC l4 in CH2C12 to give a pale yellow solid analysing 
approximately as 2 (T iC l^ ). (CH2S)3. Sim ilar products were produced by 
st irr in g  a suspension of TiC1^.2(CH2S)3 with an excess of Ti C l4 in 
non-coordinating solvents such as CH2C12 and CCl^. The second molecule 
of TiCl^ was found to be only weakly bonded, however, and could be 
removed quite e a sily  by pumping in vacuo, or by continuous washing with 
n-hexane in vacuo, eventually to give bright orange TiC1^.2(CH2S )3.
ShCl3 when reacted with a two-fold excess of ligand gave only the 
known 1:1 adduct SbCl3 .(CH2S)3 (350, 351). In contrast AsClg, A1C13 
and GeCl^ gave no iso lab le  reaction products. Ligand substitutions as 
an alternative synthetic route proved far from satisfactory. (CH2S)3 
fa iled  to replace the coordinated ligands from MC13 .3L (M = T i ,  V, L = MeCN, 
THF), ZrCl4 .2NMe3 or Mo(C0)33MeCN. Reactions with MoClg and V0C13 in 
CCl^ gave dark brown so lid s in each case. The IR spectra of these products 
bore l i t t l e  resemblance to that of the free ligand (329) indicating ring 
opening rather than complexation as the dominant reaction. MoClg at least  
is  well known for reactions in which 0 is  abstracted from donor molecules (2 ) ,  
and a sim ilar situation would seem to be in force with (CH2S )3 .
The simple 1:2 Sn (.IV), Ti (IV ) and 1:1 Sb (V) complexes proved to be 
highly air-m oisture se n sitiv e , but AuCl3 .(tt^SJ-j could be handled on the
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bench without any trace of decomposition. Solution in donor solvents was, 
in general, accompanied by displacement of the ligand. In p articu la r, 
T iC l4 . 2(CH2S)3 proved to be extremely susceptible to so lv o ly s is , 
decomposition occurring even in weak donor solvents such as E t20. 
In terestin g ly , reaction of TiBr^ and (CH2S) 3 in Et20 leads to the iso lation  
of the stable 1:2 adduct (328). Th is is  perhaps a reflectio n  of the 
greater c la ss  B character of TiBr^ c f .  TiCl^. Adducts of s-trith ia n e  
have been prepared, but most have involved soft metals such as Ag ( I)
(329, 330), Hg ( I I )  (329-331), C r(0 ), Mo(0), W(0) (332, 333) and Sb ( I I I )  
(350, 351). The in a b ility  of (CH2S ) 3 to displace coordinated solvent 
from Ti ( I I I ) ,  V ( I I I )  and Zr (IV) and the ease of removal from Ti (IV) 
and Sn (IV ) suggests that i t  acts only as a weak donor towards the hard 
metal halides.
The IR spectra of the complexes are given in Table 5 .3 .1 . Dalziel 
and coworkers (330) have interpreted the 26 bands in the IR spectrum of 
(CH2S )3 in  terms of 17 fundamentals (7a  ^ + I0 g) expected for a chair 
(C3v) configuration. Planer (D3h) and boat (Cs ) configuration should give 
r ise  to 9. and 30 fundamental bands respectively . An X-ray study has 
confirmed the chair assignment for (CH2S)3 in the so lid  phase, F ig . 5.3.1 
(352).
S~-2-i827
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Fig. 5.3.1 Crystal Structure of (CH2S)3
1 5 7
o o i
(CH2S )3 Ti C l4 .21 SnCl4 .2L SbClg.L AuC13L SbCl3.L Assignment
2959(w) 2995(m) 2983(m) 2985(m) 2990(s) 2985(m)
vCH(e)2964(m) 2972(s) 2950(sh) 2970(m) 2950(sh)
2980(w) 2928(w) 2920(s) 2911(s) 2924(m) 
2907(m)
2920(m) vCH(a-| )
2155(w) - - - - - 3v6
1380(s) 1388(s) 1386(s) 1388(m) 1390(s) 1384(sh)
1374(w) 1375(m) 1367(vw) 1378(s ) 1375(s) CH2wag(e)
1320(w) 1375(m) 1355(m) 1317(w)
1 2 2 1 (m) 1216(m) 1218(m) 1262(w) 1222(w) 1218(m) CH9tw ist(e)
1231(vw) 1218(w) C x 7
907(s) 906(s ) 906(s) 917(m) 
902(m)
920(vs) 912(s)
CH2rock(a^)
785(w) 796(w) « 808(w) 810(w) -
764(m) v2 + v7
725(s) 749(m) 743(w) 738(s) 745(m) 725(s)
730(w) 732(m) 723(m) 735(w)
722(m) 711(m) 716(w) 715(m) 
705(m)
s
660(w) 659(w) 661(w) 665(w) 671(w) 667(m) v6
650(w) 646(w) 636(s) 628(w) 635(s) - V1
418(w) - 415(w) - - - v2
390(m) 377(w) 375(w) 391(w) - -
V->
352(w) 367(w) 7
326(w)
306(s)
312(w) 296(m) 326(m)
v3
277(m) - - 287(w) - -
Vo
254(w) 8
391(vs) 322(vs) 345(vs) 365(vs)
340(m)
306(vs) M-Cl
Table 5.8.1 IR Spectra of (CH2S)3 adducts
The IR spectra of the complexes bear a d istin ct resemblance to the spectrum 
of the free ligand, suggesting that the chair configuration of the ligand
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persists on complexation. A general lowering of the CS stretching and 
CH2 group frequencies from those found in the free ligand was observed, 
in accordance with S donation (350). Complexation is  accompanied by 
a reduction in the symmetry of the (CH2S)3 ring . Consequently, bands 
associated with CS stretching modes in the free ligand are found as 
m ultiplets in  the spectra of the adducts, e .g . the strong ring stretch  
at 725 cm-1  in  (CH2S)3 appears as a t r ip le t  in T iC l4 . 2(CH2S)3 (749, 730 and 
722 cm" )^ .  For complexes which are coordinatively unsaturated, intermolecular 
association in the so lid  phase can increase the symmetry of the ligand.
This effect is  typ ified  in SbCl3 .(CH2S)3 (F ig . 5 .3 .2 ), the cry sta l 
structure of which, shows each (CH2S)3 molecule to be ce n tra lly  placed 
between three d ifferent SbCl3 centres (351).
Fig . 5.3.2 Crystal Structure of SbCl3 .(CH2S)3 (projection on
xy plane)
Bands in the IR spectra of the SbX3 .(CH2S)3 (X = C l, B r, I) (350) adducts, 
therefore, show no sp litt in g  due to ligand asymmetry.
Single intense bands in the low IR spectra of MC1 .^2(CH2S ) 3 at 391 (M = Ti)
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and 322 (M = Sn) cm-  ^ are in accordance with an octahedral trans (D ^ ) 
arrangement of ligands (F ig . 5 .3 .3 ) . Bands at 365 and 340 cm“  ^ in  the 
spectrum of AuC13 .(CH2S )3 fa ll well w ithin the range of values found 
for square planer (C2v) AuX3.L adducts with substituted pyridine (353), 
a sim ilar structure i s  proposed in the present instance (F ig . 5 .3 .3 ) .
An octahedral (C ^ ) geometry i s  proposed for SbClg.(CH2S )3 on the basis  
of a single strong Sb-Cl band at 345 cm"^  c f . SbClg” (336 cm- )^ (354) 
(F iq . 5 .3 .3 ).
and SbClg.L
Samples of brown AuC13 .(CH2S )3 sealed in ampoules under an N2 atmosphere 
were observed to slowly decompose over a 3 month period to give a pale 
yellow so lid . An IR spectrum showed bands attributable to uncomplexed 
(CH2S)3, and an intense AuCl mode at 333 cm"'*. Reduction (Au ( I I I )  -*■ Au ( I)  
is  proposed, followed by d issociation  of the Au (I) .(C H 2S)3 complex.
The oxidation product was not id e n tif ie d , but low intensity  bands in the 
IR spectrum not attributab le to e ith er AuC13 <(CH2S)3 or free (CH2S ),  
suggest a p a rtia lly  chlorinated (CH2S )3 ring as a possible product.
One point emerging from th is  and previous work i s  that in a l l  cases
O O l
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(CI^SJj acts as an essen tia lly  monodentate donor. A sim ilar situation  
was recently found for complexes of 1,4-dithiacycloheptane with SbX3 
(X = C l, Br, I ) ;  the ligand bridging between two SbX3 units rather 
than chelating to a single Sb ( I I I )  atom (355). Conversely for the 1:1 
complexes TiX^.fC^HgSg) (X = C l, B r), bidentate behaviour on the part of 
the ligand was proposed (328). Factors affecting the coordination 
behaviour of these polythioethers appear to be complex, but the s te r ic  
dictates of the SCS moiety must play an important part in deciding 
the resu lting coordination geometry.
Campaigne and coworkers (.356) have demonstrated that in solution  
s-trith ian e  retains the chair configuration that i t  adopts in the so lid  
phase (352). The NMR of s-trith ian e at 60 MHz showed only a sing le  
sharp resonance due to the rapid interconversion of the axial (a) and 
equitorial (e) methylinic protons via ring inversion, Fig. 5 .3 .4 .
pig. 5 .3 .4 . s-Tri.thiane Showing Axial and Equitorial Protons
At higher f ie ld s  (400 MHz), the single resonance representing the fast  
exchange lim it  is  seen to broaden on lowering the temperature, due to a 
reduction in the ring inversion rate (F ig . 5 .3 .5 ). Between 263 and 253 K 
the single resonance sp lit s  into two corresponding to the axial (a) and 
equitorial (e) protons respectively. The spectrum at 238 K is  su ff ic ie n tly  
well resolved to show geminal coupling between the axial and equitorial 
protons.
He
O O l
—S B B H Ü
2^3K
253 K
Fig. 5.3.5 Variable Temperature NMR Soectra of (CH?S ) ,  
(400 MHz, CDC13)
The variable temperature NMR spectra of SnCl^^fCH^S)^ are shown 
in F ig . 5 .3 .6 . As with the free ligand, dynamic behaviour in the ring  
is  indicated by the broadening of the methylene proton resonance at 
low temperatures, but here broadening is  attributed to a reduction in 
the rate at which the ligand coordination s ite  interchanges between 
the three S donor centres (333). The sing le sharp signals, seen at room 
temperature, correspond to the fast exchange lim it of both the donor 
s it e  interchange rate and the ring inversion rate. At 243 K the spectrum 
reveals two resonances due to the methylene protons adjacent to the
I I
S donor atom (Ha and Ha ) and opposite the S donor atom (Hb and Hb ) .
No evidence was found for any d istinctio n  between the axial (a and b)
I I
and equitorial (a and b ) protons (Fig . 5 .3 .7 ). The fact that the 
(220 MHz) spectrum of the free ligand at 233 K (F ig . 5.3.5) i s  much 
broader (linewidth at half height = ^90 Hz) than that of the coordinated 
ligand at the same temperature (33 Hz) suggests that the rate of ring 
inversion is  greatly enhanced on complexation
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Fig . 5.3.7 SnCl4 .2(CH2S)3 Showing Magnetically Inequivalent Protons
A third type of dynamic phenomenon has been observed for the S(CH2) 5 
ring in trans PtX22(S(CH2) 5) (X = C l, Br, I)  by Abel and coworkers (357).
228K (x 8)
248K (x8)
263 K (x8)
296 K
Fig . 5.3.6 Variable Temperature ]H NMR Spectra of SnCl4 .2(CH2)3
(220 MHz, CDCI3 )
O O l
The S donor atom can coordinate to the metal atom via either the axial (ax) 
or equitorial (eq) lone p a ir. With two such ligands coordinated, there 
are four possible conformers, namely (ax-ax), (eq-eq) and the degenerate 
(ax-eq) and (eq-ax). The populations of each of these conformers were 
established in the trans PtXgZiSJCh^Jg) systems by integration of the 
NMR signal observed for each conformation, which were found to have 
s lig h tly  d ifferen t chemical sh if ts . There was, however, no indication  
of sim ilar isom erisation in the trans SnCl4 .2(CH2S ) 3 system. For trans 
PtX22(S(CH2) 5) 2 * although the Cl and Br complexes gave a mixture of 
conformers, the I species was found to reside to ta lly  in the eq-eq 
configuration, and th is  was attributed to s te r ic  interaction between 
the I atoms and the methylene protons on the ligand. I t  is  not then 
unreasonable to suggest that the four meridinal Cl atoms in trans 
SnCl/j . 2 (CH2S)3 have approximately the same effect as the two I atoms 
in trans Ptlg.ZiSfCHgJg), and that only the eq-eq isomer, F ig . 5 .3 .7 , 
ex ists in so lution .
Solutions of SbClg.CCHgSJj in CDjCN also exhibited lin e  broadening 
in the ir NMR spectra, but the spectra obtained were found to closely  
follow those obtained for the free ligand. The inference from th is  is  that 
either the rate of donor s ite  interchange is  very fa s t , or the complex is  
completely dissociated in solution, displacement of the ligand by CD3CN 
is  u n like ly , as spectra of SbCl3 .(CH2S)3 in MeCN solution showed no sign 
of coordinated MeCN. Considering the weak Sb-S bond found for SbCl3 .(CH2S )3 
in the so lid  state  (350), d issociation and fast donor interchange seem 
equally l ik e ly . Unfortunately, the sh ifts  seen on coordination were 
too small to make any meaningful d istinction between the two.
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5.4 Reactions of (Me2SiQ)3  ^ With Some Covalent Metal Halides
The donor chemistry of the cyclosiloxanes (Me2SiO)3 and (Me2SiO)4 
was investigated with a number of covalent metal halides, but in each 
case the siloxane ring proved to be in su ffic ien tly  basic to yield  
coordination compounds. With MCI3 .2NMe3 (M = T i ,  Cr) and CrCl3 .3MeCN, 
(Me2SiO)3  ^ fa iled  to re a ct, and the ligand was recovered unchanged. 
Reactions with MCl^  (M = T i ,  Sn) although not providing adducts 
did give some interesting re su lts . Dropwise addition of MC14 to a 
two-fold excess of (Me2SiO )3 4 in CgHg gave colourless, fuming o ils  
on removal of solvent (10 days). The IR spectra of the products 
in  the 4000-400 cm-  ^ region were v irtu a lly  id en tica l. Strong broad 
bands at *\»2964 cm \v (C H ); ^1264 cm~\ 6(CH3) ; <\»1070 c m , v(Si-O); 
and 850 cm” ,^ v(Si-C) are  typical of those found in a wide range of 
both lin ear and cy c lic  siloxanes (321), and are, therefore, of l i t t l e  
diagnostic value. Skeletal ring modes found in the free ligands in the 
1000-300 cm-1 region are absent from the spectra of the products however, 
suggesting a ring opened product. Further evidence for ring opening comes 
from the NMR spectra (60 MHz) of the products, which were identical 
for both the (Me2SiO)3 and (Me2SiO)4 based products. A series of sharp 
resonances associated with Si-Me protons were observed at 60.2-0.7; on 
the basis of each unit in  the (Me2SiO)x chain giving a separate resonance, 
a chain length of at le a st 12 units is  indicated. By analogy with 
Cl(Me2SiO)^TiCl3 (358), a structure of the type Cl(Me2SiO)12T iC l3 is  
proposed in the present instance. A strong Ti-Cl mode at 385 cm-1 
supports th is  formulation. Polymerisation of the cyclosiloxanes has been 
achieved using a variety of Lewis acid ca ta lysts , but always employing high 
temperatures (359). For example, T iC l4 fa iled  to polymerise (Me2SiO)4 
at less than 543 K. Reaction times for these experiments were, however, 
re la tiv e ly  short («'»6 hours). The present result merely suggests that the
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polymerisation is  re la tiv e ly  slow.
One point to emerge is  that under sim ilar reaction conditions 
reactions of T iC l4 with (Me2SiO)3 or (Me2SiO)4 gave identical products. 
Although there was no observable reaction between (Me2SiO)4 and SnCl4, 
work up of the reaction products of (Me2SiO)3 and SnCl4 found only the 
tetram eric ring . I t  would appear that the isomerisation reaction
4(Me2SiO)3 ------------- > 3(Me2SiO)4
i s  promoted by both T iC l4 and SnCl4 . Ring expansion and consequently the 
r e l ie f  of ring stra in  has previously been noted for (Me2S iS )2 , which 
spontaneously isomerises to (Me2S iS ) 2 at room temperature (321), and for 
the Lewis acid catalysed expansion of cyclosilazanes (321).
5.5 Complexes of Hexamethylborazine with Covalent Metal Halides
Reaction of hexamethylborazine (HMB) with an equimolar amount of 
T iC l4 in CgHg solution led to the iso lation  of 2TiCl4 .HMB as an orange 
so lid . No evidence was found for the 1:1 adduct reported by Nflth and 
coworkers (60). Anderson and Lagowski found no reaction between SnCl4 
and HMB even after 22 hours at 373 K (361). Extended reaction times 
(1 year) gave a s im ilar re su lt , with HMB being recovered in better than 
95% y ie ld . No reaction was observed between HMB and either VCl3 .3MeCN or 
T iC l3 .3THF, while the CrCl3 .2NMe3/HMB system yielded only (CrCl3 ) 2 .2NMe3.
2TiCl4 .HMB was found to be highly air-moisture sensitive  and 
insoluble in  non-polar solvents (e .g . CgHg, CHC13 and CH2C12) . In donor 
solvents, solution was accompanied by ligand replacement. This was 
investigated in detail for the 2TiC l4 .HMB/MeCN and THF systems.
2TiCl4 .HMB dissolved in both MeCN and THF to give pale yellow solutions.
Removal of solvent in vacuo and sublimation of the resu ltan t pale yellow  
so lid  in vacuo (363 K) gave a white sublimate of HMB. The yellow 
sublimation residues were identified  as T1Cl^. 2L (L = MeCN, THF), i . e .
2TiCl4 .HMB ----------------------»- T iC l4 .2L + HMB (L = MeCN, THF)
I
In the 1200-500 cm-1  region the IR spectrum of 2T iC l4 .HMB closely  
resembles that of the free ligand (337, 362, 363), strongly suggesting 
that the HMB ring reta ins it s  in teg rity  on complexation. The most 
marked differences between the spectra of the free and complexed ring 
occur in the 1450-1350 cm-1 region, where the B-N stretch ing  band at 
1415 cm-1  in  HMB appears as a doublet (1426, 1350 cm-1) in  the Ti complex.
A sh ift  to lower wavenumbers is  consistant with a reduction in the B-N 
bond order and the lo ca lisa tio n  of the N lone pair in the formation of
I
a Ti-N a-coordinate bond (337). The cy c lic  triborazanes R3B3N3R 3 .3HX 
provide an example where the N lone pair is  to ta lly  lo c a lise d ; the band 
at ,'»1260 cm-1  being assigned as a B-N single bond (337). Also of notice 
is  the magnitude of low energy v(B-N) s h if t , which i s  large (Av (B-N) =
65 cm-1) compared to the v(B-N) s h if t  found on complexation for the 
iT-complex HMB.Cr(C0)3 (363) (41 cm"1) , suggesting a stronger M-N bond in 
the Ti complex. The band found at 1426 cm-1  for 2TiCl4 .HMB corresponds 
to a B-N stretching mode where the B-N bond retains the m ultiple bond 
character of the free ligand (363). The complexed HMB rin g , therefore, 
contains both coordinated and uncoordinated N donor cen tres. A dimeric 
structure i s  proposed with the HMB ring coordinated through two of the 
three N atoms in a o-sense (F ig . 5 .4 .1 ) . Additional evidence for the 
proposed structure comes from the low IR spectrum where intense bands at 
442, 414, 384 cm 1 and 274 cm 1 are attributable to terminal and bridging 
pseudo-octahedral T i-C l modes respectively. A sim ilar dimeric structure has 
been proposed for the T iC l4 complex of the cy c lic  s ilazanes 2TiCl4 (Me2SiNH)n 
(n = 3, 4) (299, 300).
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Fig. 5.4.1 Proposed Structure of 2TiCl^.HMB
One point that emerges from both the HMB and the silazane work concerns 
the stoichiometry, where reaction of ligand and TiCl^ in 1:1 ratio  led 
to the iso lation  of 2:1 adducts. A possible explanation for th is  
behaviour l ie s  with a consideration of the s te r ic  d ictates of the NBN and 
NSiN moieties. For both HMB and (Me2SiNH)3 formation of a monomeric 
TiCl^ .L complex would involve adjacent N donor s ite s  on the ligand 
occupying cisoid positions on the Ti atom, ( i .e .  chelation), thus producing 
considerable stra in  in the NBN and NSiN angles. Adoption of the 
experimentally found 2: 1  stoichiometry enables the ligand to act in a 
bridging rather than in a chelating capacity, and ring strain  can therefore, 
be taken up by distortion of the T i-C l-T i bridges.
The B-CH3 stretching mode found at 888 cm"^  in HMB is  re la tiv e ly  
unaffected by coordination, i . e .  vB-CH  ^ in 2TiCl4 .HMB is  found at 879 cm" ^ ,
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with a weak shoulder at 886 cm~\ The N-CH3 frequencies are more 
d if f ic u lt  to assign. Adcock and Lagowski (337) observed a small sh ift  
to higher wavenumbers for the N-CH3 rocking mode (1106 cm”  ^ in HMB)
I • I _ ]
in the Cr(C0)3 .Me3B3N3MeR R systems, and the sharp band at 1118 cm in 
the spectrum 2TiCl^.HMB I s  s im ila r ly  assigned. The sh if t  to higher 
frequency was attributed to a combination of electronic and ste ric  effects  
associated with the puckering of the HMB ring on coordination (337). 
Considering the d istortion of the w-system following ligand coordination 
in ZTiCl^.HMB, i t  is  not inconceivable that one or more of the bands in 
the spectrum of the complex in the 1150-1350 cm~^  region also corresponds 
to a N-CH3 mode.
I
5 .6 Comments on the Synthesis of (R?TiPR )
Alternation heterocycles containing a t-m etal(s) as a heteroatom(s) 
have received very l i t t l e  attention. The iso latio n  of (C l2TiNSiMe3)x 
and the determination of i t s  structure by sing le crystal X-ray analysis (364) 
promted an investigation into the p o ss ib ility  of obtaining an analogous 
phosphorus heterocycle. The attempted synthesis was approached via three 
basic routes.
(a) Condensation of a P-H and a Ti-C l bond, e.g .
C6H6
PhPH2 + R2T iC l2 + 2Et3N --------------- >  (R2TiPPh)x + 2Et3N.HCl
With Ti Cl^ ( i .e .  R = C l) ,  a black, inso lub le, gummy mass was produced. On 
continued washing with n-hexane th is  gave a small amount of a white so lid  
id entified  as Et3N.HCl. The desired condensation reaction then evidently 
occurred but the nature of the black tarry residue was more in lin e  with 
a polymeric product than a discrete ring. One p o ssib ility  here was that 
the polymeric product may have been formed under conditions of k inetic  
control. To test th is ,  we carried out a repeat experiment in which d ilute
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solutions of PhPH2 and TiCl^ were simultaneously added to a large volume 
of the same solvent ( i .e .  high d ilu tio n ). The products obtained, however, 
were v irtu a lly  identical to those obtained at high concentrations.
An an a lternative approach, by reducing the number of reactive  
Ti-Cl bonds on each Ti atom (e.g. R = Cp), cy c lic  products, or at least  
linear polymers, may be formed. When Cp2T iC l2 was employed in th is  
capacity, the Ti-C l bond proved to be re s is tan t towards HC1 elim ination, 
and no Et3N.HCl was recovered from any of the systems studied. One factor 
deciding re a ctiv ity  here, may be the a b i lity  to form M-PPhH2 donor complexes 
as intermediates in the condensation process. The low adduct forming 
a b ility  of Cp2T iC l2 (c f . Ti Cl^) has already been established (Section 2 .2 ). 
Instead of giving condensation products, reaction between equimolar 
amounts of Cp2T iC l2 and PhPH2 in refluxing THF (6 days) or CgHg (6 weeks) 
gave deep green solutions, which on work up provided Cp2Ti ( I I I ) C l  in 
each case, i .e .  re d u c t io n s  (IV) Ti ( I I I ) .  The oxidation products 
were not iso lated , but a P (V) species i s  l ik e ly ,
2Cp2Ti (IV)C12 + PhP ( I I I )H 2 ----------->  2Cp2Ti ( I I I ) C l  + PhP (V)C12H2
(b) Condensation of P(SiMe3 )3 and R2T iC l2, e.g .
R2T iC l2 + P(SiMe3 )3 --------------->• (R2TiPSiMe3)x + 2Me3SiCl
Whereas a reaction scheme of th is type led to the iso lation  of (C l2TiNSiMe3)x 
(164) from the T iC l4/N(SiMe3 )3 system, reactions involving the analogous 
P species proved to be fa r from sa tisfacto ry . No reaction was observed 
between Cp2T iC l2 and P(SiMe3 )3 even after maintaining xylene solutions of 
the reactants at reflux temperature (<v393 K) for a week. Addition of T iC l4 
to P(SiMe3 )3 in CgHg at 273 K did provide a small amount of Me3S iC l, but on
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removal of the solvent in vacuo, a colourless o il was obtained which defied 
characterisation. The production of poorly defined products compared to 
the well formed orange crysta ls  of (C l2TiNMe2)x obtained from the TiCl^/ 
N(SiMe3)3 system (364) may be a reflection  of the increased reactiv ity  
of the P-Si bond c f . N-Si.
(c) Litho-phosphinolysis of M-Cl bonds, e.g .
C6H6
Cp?TiCl~ + PhPLi;, -------------------y  (Cp?Ti-P-Ph) + 2LiCl
L n-hexane x
A pale yellow suspension of PhPLi2 was obtained by reacting PhPH2 with a
two-fold equivalent of Lin-C^Hg in n-hexane, i .e .
PhPH2 + 2LiC4Hg --------------- *  PhPLi2 + C4H1Q
Addition of an equimolar amount of Cp2T iC l2 in CgHg to the strongly stirred
suspension at 273 K gave an immediate colour change (red deep purple).
The solution was decanted and filte re d  in vacuo. Removal of the solvent
in vacuo gave a black c ry sta llin e  solid which was recrysta llised  with
considerable effort from n-hexane. The NMR of the solid (200 MHz,
CgDg solution) showed a series of phenyl resonances in  the 66.69-6.92 region
(20 protons) and Cp resonances at 64.75 (s in g le t, 5 protons) and 65.06
(tr ip le t , 5 protons), indicating that the product was not a simple heterocycle.
The extreme oxygen se n s it iv ity  and intense purple colouration of the sample
(cf. dark v io let Cp2TiPgPhg (365) ) ,  coupled with the tr ip le t  Cp resonance
31at 65.06 (s p lit  by 2 x P n u clii) are good indications of the formation 
of a Ti-P linkage.
In conclusion, none of the synthetic routes attempted led d irectly  
to a (R2TiPR )x heterocycle. Evidence was found for the formation of a 
Ti-P bond via method (c ) , and variations in the reaction conditions could well 
lead to the desired product.
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5.7 Experimental
5.7.1 Reaction of (CH70) 3 with MCl^  (M = T i ,  Sn), ZrC1 .^2NMe-} and 
HCl,.2NMe? (M = V, Cr)
(a) Reaction of (CHgO^ with MCI^  (M= T i ,  Sn). Dropwise addition of 
MCl  ^ (M = T i ,  Sn) to a two-fold excess of (CH20)3 in CgHg gave glutinous, 
white precipitates of (CH20)x, which were washed with CgHg and dried in vacuo. 
The metal-containing product was not identified.
(b) Reaction of (CHgO^ with ZrCl ^  .2NMe3. ZrC1 .^2NMe3 (1.7 g, 4.8 mmol) 
in CgHg (100 ml) was added in vacuo to (CH20)3 (8 g, 33.3 mmol) in  CgHg
(150 ml). There was no immediate reaction, but on standing for several 
hours a small amount of white precipitate formed. The excess solvent was 
removed by decanting in vacuo, and the product washed in vacuo with CgHg, 
to give ZrCl4 (C6°6H12^  as a Powdery white so lid .
Analysis based on ZrCl 4C6H12°6 
Calculated 01(34.3) Found Cl(33.7) %
The IR spectrum showed bands a t :-
3155(br), 3090(w), 3030(m), 2960(m), 2932(w), 1730(br), 1409(w),
1479(m), 1442(sh), 1460(sh), 1260(s), 1209(s), 1134(sh), 1180(m),
1035(sh), 1023(m), 984(w), 967(w), 945(w), 960(w), 857(m), 805(m),
758(m), 739(w), 723(w), 701(w), 690(w), 645(w), 678(w), 423(w) and 
305(v) cm-1 respectively.
(c) Reaction of (CH?0 )? with VCl3 .2NMe3. VCl3 .2NMe3 (0.8 g, 2.9 mmol) 
in CgHg (<vl50 ml) was added in vacuo to (CH20)3 (0 .8 g, 8.8 mmol) in  CgHg 
(•\»200 ml). After s t irr in g  for several hours, the solvent was removed in 
vacuo to give the pale pink so lid  product, which was purified by washing
in vacuo with n-pentane. Microanalysis found:- 
C(23.8) H(5.7) N(7.5) C l(38.5) X
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The IR spectrum showed bands a t :-
3020(sh), 3012(m), 2986(s), 2962(m), 2931( s ) . 2907(s), 2880(w),
2856(s ) ,  2878(w), 2795(m), 1485(s), 1480(sh), 1465(s), 1458(sh),
1409(m), 1265(s), 1245(m), 1110(m), 1104(m), 1004(sh), 997(s),
820Cs), 725(m), 513(s), 446(s), 411(s ) ,  333(m) and 312(s) cm" 1 
respectively.
(d) Reaction of (CHgO)  ^ with CrClj.2NMe^. CrCl3 .2NMe3 (1.5 g, 5.4 mmol) 
and (CI^O^ (1.5 g, 16.4 mmol) reacted in CgHg as for (c) to give a 
mulberry so lid  product, which was purified as above. Microanalysis found:- 
C(26.7) H(6 .6) N(9.1) C l(32.1) %
Bands were found in the IR spectrum a t :-
3040(m), 3021(m), 2989(s), 2960(w), 2932(m), 2915(m), 2880(w),
2857(w), 2803(w), 1483(s), 1465(s), 1422(w), 1405(s), 1340(w),
1265(m), 1245(w), 1238(sh), 1195(s), 1102(s), 995(s), 988(s),
954fm), 856( s ) , 827(s), 760(m), 726(w) ,  687(w), 588(m), 536(m),
480(m), 445(m), 422(w), 387(s), 380(s) and 348(s) cm" 1 respectively.
5.7.2 Complexes at (CHgS)^
(a) T iC l4 (1 ml, 9.1 mmol) in CHC13 (150 ml) was
added dropwise to a solution of (CHgSJ-j (2 .5  g, 18.2 mmol) in CHC13 (300 ml) 
giving an orange solution and an orange precip itate. The solution was 
decanted in vacuo, and the resulting orange solid  washed in vacuo with 
benzene and n-hexane before being pumped in vacuo for several hours. The 
product was T iC l4 . 2(CHgS)3 . Yield 3.8 g (90%).
Analysis based on TiCl^CgH^Sg1”
Calculated C(15.5) H(2.6) S(41.3) C l(30.4) %
C(15.2) H(2 .6) S(41.5) Cl(30.3) %Found
1 7 2 . 3
(b) SnClr 2(CH,S)3. SnCl4 (1 ml, 8.5 nmol) in  CHCI3 and (CH2S)3 (2.4 g,
17.1 mmol) also in CHC13 were reacted as in (a) to give SnCl4 .2(CH2S)3 as 0
a cream coloured so lid . Yield 3.9 g (85%).
Analysis based on SnCl4CgH-|2Sg
Calculated C(13.4) H(2.3) S(35.8) C l(26.4) %
Found C(13.6) H(2.3) S(35.6) C l(26.4) %
(c ) SbCl5(CH2S)3. SbClg (0.5 ml, 3.9 mmol) in CH2C12 (15 ml) and 
(CH2S ) 3 (0.6 g, 4.3 mmol) were reacted as in (a) to give SbCl5(CH2S)3 
as a pale yellow so lid . Yield 0.8 g (47%).
Analysis based on SbCl5C3HgS3
Calculated C(8.2) H(1.4) S(22.0) C l(40.5) %
Found C(9.2) H(1.7) S(21.6) Cl (.39.9) %
(d) AuCl3 (CH2S)3. AuC13 (0.74 g, 2.4 mmol) in CH2C12 and (CH2S)3 
(0.4 g, 2.7 mmol) also in CH2C12 were reacted as in  (a) to give AuCl3 (CH2S)3 
as a chocolate brown so lid . Yield 0.98 g (93%).
Analysis based on AuCl3C3HgS3
Calculated C(8.2) H(1.4) S(21.8) C l(24.1) %
Found C(8 . 1) H(1.3) S(21.8) C l(23.9) %
Samples of AuC13 (CH2S)3 sealed in ampoules under an N2 atmosphere decomposed 
over a period of three months to give a pale yellow so lid . The solid  
showed bands in the IR spectrum a t :-
2987(s), 2975(m), 2970(w), 2910(s), 2902(w), 1400(w), 1386(w), 1380(w), 
1365(m), 1245(w), 1220(s), 1186(w), 1170(s), 1100(w), 919(s), 896(m),
842(m), 818(w), 808(w), 744(s), 723(s), 666( s ) ,  353(m) and 334(s) cm' 1 
respectively.
5 .7 .3  Reaction between (Me2SiO)3^  and TiCl^
(a) Reaction between (Me2SiO)3 and TiCl^. T iC l4 (1 ml, 9.1 mmol) was
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added dropwise to a solution of (MegSiO^ (2.22  g, 10 .0  mnol) in CgHg (60 ml) 
contained in a single ampoule bomb. The bomb was degassed and sealed in vacuo. 
After 10 days the bomb was opened, and the solvent removed in vacuo to give 
a colourless, fuming liq u id  which showed bands in the IR spectrum a t :-  
2964(s,br), 1410(m), 1264(s), 'vl070(.vs,vbr)_, 945 fr.b r)t 965(w,sh), 
925(m,sh), 805(s,b r), 705(w,br), 670(m), 4 75(s,b r), 390(sh), 385(s),
375(w) and 349(w) cm-  ^ respectively.
(b) T iC l4 (1 ml, 9.1 mmol) and (Me^iO)^ (3.0 g, 10.0 mmol) were 
reacted as in (a) to give an identical product to that obtained in (a).
5.7.4 Reactions of hexamethylborazine with covalent metal halides
(a) Preparation of hexamethylborazine. Hexamethylborazine was prepared 
by a modified route to that of Turner and Warne (321). The synthesis 
was carried out in two stages. F ir s t ly ,  the condensation of MeNH2.HCl and
I I I  • '  I I.
BC13 to give N,N ,N -trimethyl amine-B,B ,B -trichloroborazine, i .e .
293 K
3MeNHo.HCl + 3BCU -----------------^  (MeNBCl), + 6HC1
J PhCl
followed by methylation to give the desired product,
Et?0
(MeNBCl )3 + 3MeMgI ---------- --------- >■ (MeNBMe)3 + 3MgICl
MeNH2 was passed into d ilute  HC1 until the solution was neutral to litmus.
The water was removed on a rotary evaporator, and the resultant MeNh^  .HC1 
recrysta llised  from EtOH before drying in vacuo at 323 K. Finely ground 
MeNHg.HCl (28.7 g, 0.427 mol) was suspended in chlorobenzene (600 ml) and 
the suspension placed in a l i t r e  fla sk  fitted  with both water and dry ice  
condensers. The contents of the flask  were cooled to 273 K and BC13 
(50 g, 0.427 mol) was sw iftly  added, the whole apparatus being maintained 
under a slight positive pressure of N2. On warming to room temperature,
1««
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a s lig h tly  exothermic reaction commenced, as evidenced by the slow reflux 
of BClg on the dry ice  cold finger. The temperature was slowly raised  
until the chlorobenzene solvent started to reflux, and a fter 6 hours the 
BC1^  was to ta lly  consumed, and a layer of immiscible, colourless liquid  
had formed at the bottom of the^/lask. Reflux was maintained for a further 
three days, during which time HC1 was constantly evolved, and the immiscible 
layer gradually reduced in volume. After evolution of HC1 was complete, 
the solution was cooled and the solvent removed in vacuo to give crude 
(MeNBClJg. Sublimation in vacuo (353 K) gave the product as a white 
cry sta llin e  so lid . Yield 25.5 g (79..3%)
A solution of MeMgl in Et20 (150 ml) was prepared from Mg (10.9 g,
0.48 mol) and Mel (63.7 g, 0.48 mol). Dropwise addition of th is  solution 
to (MeNBCl)3 (22.5 g, 0.1 mol) in E t20 (200 ml) gave an immediate reaction 
with precipitation of MgICl, the rate of addition being modified to maintain 
reflux. After addition of the Grignard was complete, the solution was 
stirred  for a further 2 hours. The solution was decanted from the 
MgICl residues, and the solvent removed in vacuo to give the crude product, 
which was recrysta llised  from CgHg and sublimated in vacuo (343 K).
Yield 14.5 g (88.0%). Overall y ie ld , 69.8%.
(b) TiCl/j (hexamethylborazine). TiCl^ (1 ml, 9.1 mmol ) in CgHg (10 ml) 
was added to a single ampoule bomb containing hexamethylborazine ( 1 . 2  g,
9.1 mmol ) in CgHg (50 m l). An immediate reaction occurred to give an 
orange solution, which on cooling gave a pale orange precip itate. The 
contents of the bomb were degassed, and the bomb was sealed. The bomb was 
opened after two months and the solvent decanted in vacuo. Washing the orange 
so lid  with CgHg and n-hexane (5 x 50 ml portions) gave di-w-chloro-hexachloro- 
p-(hexamethylborazine,N-j ,N2)-dititanium (IV) as a bright orange so lid .
i
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Yie ld  1.49 g (60%).
Analysis based on "^ 12^^ 8 6^  ^18 3^ 3^
Calculated C(13.2) H(3.3) N(7.7) C l(52.1) Ti(17.6) %
Found C(13.8) H(3.7) N(7.5) C l(52.2) T i(17.4) %
Bands were found in the IR spectrum a t :-
3210(br), 2970(w,sh.), 2958(m), 2927(m), 2912(m), 1470(s), 1426(w), 
1350(s,br), 1335(sh), 1282(a), 1237(w), 1223C.s), 1200(m), 1191(m),
1163(w), 1118(s), 990(m), 982(w), 886(sh), 879(s), 812(w), 770(w,br), 
725(m), 565(s), 509(m)m 496(m), 442(s), 427(m), 414(s), 384(s), 335(sh) 
and 274(s) cm-1  respectively .
COMPLEXES
CHAPTER 6
OF SUBSTITUTED OXAMIDES, THIOOXAMIDES AND
m alo n am id es  w ith  m etal  t e t r a h a l id e s
CHAPTER 6
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6.1 INTRODUCTION
Structural aspects of oxamides, malonamides and related molecules 
have been the subject of considerable in terest (366-371). The crystal 
structures of oxamide (366) and dithiooxamide (367, 368) are shown in 
Fig. 6 .1 .1 .
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Fig. 6.1.1 X-ray Crystal Structures of (C0NH2 )2 and (CSNH2)2
Both molecules are planer in the solid  state , held in sheets by hydrogen 
bonding. Dithiooxamide has two s lig h tly  d ifferent molecules in the unit 
c e l l ,  and the values given in Fig. 6.1.1 are an average of the two. Values 
for C-N and C-O(S) bond lengths, intermediate between that expected for 
formal sing le and double bonds,were seen as a resu lt of delocalisation of 
electron density in the NCO(S) moiety. The C-C bond lengths in both cases 
were found to correspond well to a pure single bond (368), thus no 
delocalisation between the two NCO(S) units occurs. Although not v is ib le  
in the structures of oxamide or thiooxamide, well resolved hydrogen atoms 
were seen in the crysta l structure of succinamide (369). Bond angles of 
<\»120° round the N atom confirmed the sp2 type hybridisation required for a
177.
delocalised system.
The effect of N-alkyl substitution on the delocalised system can be 
seen from the structure of N,N-dimethyldithiooxamide (370), F ig . 6 .1 .2 .
Fig. 6.1.2 Crystal Structure of N,N-dimethyldithiooxamide
As no delocalisation occurs through the central C-C bond the SCNH2 and 
SCNMe2 fragments can be considered separately, and from the difference in 
S-C and C-N bond leng ths.it appears that substitution has l i t t l e  effect  
on the SCN system. Unlike the parent dithiooxamide, N,N-dimethyldithiooxamide 
i s  not planer and has a SCCS dihedral angle of 91.8°, presumably due to
I
reduced H-bonding via the NMe2 groups. In N,N -b is(tr im e th y ls ily l)- 
dithiooxamide (371) however, the two NH(SiMe3) groups are equivalent and the 
molecule re-assumes a planer centrosymmetric structure comparable to
(csnh2)2.
Interest in the coordination chemistry of amides has focused almost 
entirely on monoamide derivatives. Adducts of formamide (372, 373), 
N,N-dimethylformamide (372, 373), NMe acetamide (374), N,N,-dimethylacetamide 
(375) and diacetamide (376), with a number of Lewis acids have been prepared,
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and each has been shown to involve donation so le ly  through the 0 atom.
Some early  work with monoamide ligands in which N-donation was inferred 
from IR data (377, 378) was la ter re-assessed (379, 380) and was also 
found to be consistent with oxygen donation. The tendency to act as 0 rather 
than N donors p ersists in the diamides, oxamide, malonamide and 
succinamide which act as bidentate 0 -bonded chelates towards Group IV 
metal halides (381).
Complexes of thioamides d iffe r  from th e ir  oxygen counterparts in two
respects. F ir s t ly ,  unlike the amides, the majority of the work in the
lite ra tu re  has centred on dithiodiamides, and secondly, the ligands,
themselves, show a d iversity  in donor behaviour, depending on the Lewis acid
involved. Adducts of As, Sb and Bi halides with a wide range of substituted
dithiooxamides (382, 383), dithiomalonamides (384) and thiourea (383) have
been studied, and have been shown to contain exclusively S-bonded ligands.
In contrast to the Group V complexes, a large amount of work on bivalent
metal halides and perchlorates (385), and in particu lar Ni ( I I )  (385-388)
and Pd ( I I )  (389-393) found that the active donor atoms in the ligand depended
on the conditions under which the complexes were formed. Under neutral
conditions, deprotination of the ligand (HL) occurs to give cationic
2+ -complexes of the type (ML2 ) 2X or ML2, the ligand being bonded as e ither  
an SS (385-387) or SN donor (388-393). In strong acid media, the neutral 
adducts MX2(HL), (389, 390, 392, 393), M(HL)2X2 (386, 387, 389, 392, 393) 
and more rarely M(HL)3X2 (386) are produced. These adducts almost always 
contain the ligand in a SN-bonded state . The donor behaviour of thiourea 
(394) and dithiooxamide (381) towards some Group IV halides has also been 
studied, and donation through the nitrogen atoms has been postulated in 
both cases.
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Our interest in the coordination chemistry of these ligands centred 
on two considerations
(a) Since dithiooxamide appears to give unusual NN-bonded systems 
with Group IV halides (381), sim ilar substituted dithiooxamides might be 
expected to adopt an interesting variety of different donor schemes.
Although the oxamides were almost certain to give only 00-bonded systems, 
they would act as useful analogues to their S-bonded counterparts.
(b) I f  possible, to make a comparison between sim ilar S and 0-bonded 
systems would be useful. Previous work has shown that in some cases, Ti (IV) 
which i s  normally classed as a hard (Class A) Lewis acid is  a better 
electron acceptor towards sulphur (Class B) than oxygen (Class A) (60, 62).
To this end, we have examined a series of complexes of some substituted 
oxamides, malonamides and dithiooxamides with the Group IV halides Ti Cl 4 
and SnCl^.
6.2. Complexes of substituted oxamides, thiooxamides and malonamides 
with MCI/, (M = T i ,  Sn)
Dropwise addition of T iC l4 or SnCl^ to an equimolar solution of ligand 
(B) in CHC13 gave r ise  to precipitates of the 1:1 adducts MCl .^B (M = Sn, T i ,  
B = N,N -dimethyloxamide (DM0), M = T i ,  B = N,N -diethyloxamide (DEO),
M = T i ,  Sn, B = N,N -diethylmalonamide (DEM), M = T i ,  Sn, B = N,N -dimethyl- 
dithiooxamide (DMDTO), M = T i ,  Sn, B = N,N -diethyldithiooxamide (DEDTO) in 
high y ie ld . The adducts were purified by washing with CgHg and pumping 
in vacuo. Handling in s t r ic t ly  anaerobic conditions proved essential, as 
a ll the adducts were extremely air/moisture sensitive , decomposing to the 
metal oxide within minutes. Decomposition to black or brown solids without 
melting was observed for the range of complexes on heating in vacuo. A 
general in so lu b ility  was found in non-coordinating solvents, although MeN02
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proved a su ffic ie n tly  good solvent to permit some solution stud ies. On 
an empirical b asis, the so lu b ility  in MeN02 was found to follow the order 
Et > Me, S > 0, malonamides > oxamides. Conductivity data in MeN02 
solution showed, over a range of concentrations, that the complexes were 
essen tia lly  non-conducting.
Princip le IR vibrational bands of the ligands and adducts are  
presented in Table 6 .2 .1 . Assignments are made after Desseyn et (395, 
39.6). I t  should be noted that, in systems of th is  type, bands rare ly  
represent pure modes and that any assignments made (apart from vM-Cl) are 
indicative only of the major constituent of a particu lar band. A series  
of strong Ti-C l stretches in the 400 to 250 cm-1  range of the spectrum 
at 368, 303, 276 cm-1  (T iC l4 .DM0), 355, 312, 290 cm' 1 (T iC l4 .DE0),
340, 273 cm' 1 (T iC l4 .DEM), 370, 342, 305 cm' 1 (T iC l4 .DMDT0) and 360, 285 cm' 
(T iC l4 .DEDT0) were in accordance with a c is  (C2y) symmetry. A sim ilar  
assignment for the SnCl4 adducts on the basis of multiple Sn-Cl bands 
was made (345, 285 cm' 1 (SnCl4 .DM0), 323, 295 cm' 1 (SnCl4 .DEM), 315 cm' 1 
(SnCl4 .DMT0) and 310-320 cm' 1 (SnCl4 .DEDT0) ) although not a ll of the four 
expected bands were observed.
The active donor atoms in amide and thioamide complexes may be deduced 
by a consideration of the changes of CO, CS, CN and NH stetching frequencies 
in the 4000-700 cm' 1 region of the IR spectrum on complexation. As electron 
density is  delocalised over the CN0(S) moiety, complexation through 0 or S 
donor centres, drains electron density from the S(0) atom, decreasing the 
C=S bond order, and increasing the C-N bond order. The C=S stretching  
frequency consequently suffers a sh ift  to lower energy, accompanied by a 
high energy sh ift  for v(C-N) and v(N-H) although the magnitude of the la tte r  
i s  expected to be sm aller, as the N-H bond is  one atom further removed from 
the donor atom.
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Compd/'^. v(N-H) v(C-N) v(C= S) v(C^O) v(M -C l)
DM0 3300(s) 1522(s,br) - 1655(sbr) -
T iC l4 .DM0 3320(w) 
3270(s) 
3220(m) 
3150(vs)
1578(m) 1631(s,br) 368(vs,br)
303(m)
276(w)
SnCl4 .DM0 3325(w) 
3288(s) 
3217(w) 
3150 Cm)
1571 (m) 1635(s,br) 345(vs,br)
285(m)
DEO 3290(vs) 1518(s) - 1650(vs) -
T iC l4 .DE0 33l0(w)
3260(s)
3202(m)
3135(s)
1572(s) 1632(vs,br) 355(vs,br) 
312(w) 
290(w)
DEM 3292Cvs) 1550(s,br) - 1645(s,b r) -
T iC l4 .DEM 3295(vs) 1575(m,br) 1630(vs,br) 340(vs,br)
273(m)
SnCl4 .DEM 3370Csh) 
3340(sh) 
3300(vs)
1574(m,br) 1628(s,br) 323(vs,br)
295(w)
DMDTO 3169(vs) 1529(s,br) 870(vs) - -
T iC l4 .DMDT0 3225(vs) 1564(vs.br) 770(s) 370(vs,br)
342(w)
305(vs,br)
DEDTO 3186(s) 1518(vs) 842(s ) - -
T iC l4.DEDT0 3260(s) 
3190(s) 
3096(m)
1572(vs) 800(m) 360(s,br)
285(w)
SnCl4.DEDTO 3210(vs)
3098(s)
1570(vs) 793(s) - 310-320(vs,br)
Table 6.2.1 Princip le IR Bands of MCl^.B Complexes
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Conversely, N-coordination produces a decrease in v(C-N) and v(N-H) and 
an increase in v(C= S). A situation in which the ligand acts as a mixed 
donor (NO, or NS) produces sp litt in g  of both the C=S(0) and C-N stetching 
modes corresponding to complexed and uncomplexed functional groups.
An examination of Table 6.2.1 shows that a lowering of v(O=S(0) ) 
and ra isin g  of v(C-N) is  observed throughout the spectra of the adducts 
indicating complexation through the 0 or S atoms in a l l  cases. The 
proposed structures of MX^ .B are shown in Figure 6 .2 .1 .
NHEt
Fig. 6.2.1 Proposed Structures of MCl .^B
The results for the dithiooxamide complexes are in variance with 
those for the e a rlie r  unsubstituted dithiooxamide adducts (381). As the 
substituted and unsubstituted ligands are expected to have a sim ilar  
NC(0)S iT-system, the difference in donor ch aracteristics is  lik e ly  to be 
due to s te r ic  effects and changes in basicity  of the N atom for the 
substituted molecules.
S p littin g  of the N-H stetching frequency is  observed for some, but 
not a ll  of the complexes. This may be due to a combination of la tt ic e  
packing effects, and so lid  phase hydrogen bonding. In addition to th is ,  
for the oxamide and thiooxamide ligands, complexation produces a 
geometry in which the whole (SCN)  ^ system becomes coplaner, thus leading to 
geometric isomerism of the N alkyl groups, F ig . 6 .2 .2 .
1 8 3 .
Fig. 6.2.2 Possible Isomers of MCl^¥262^ ^ 8)2 )
A th ird  possible isomer to those shown in F ig . 6 .2 .2  in which the two 
alkyl groups are adjacent i s ,  u n like ly , due to s te r ic  crowding. The 
malonamide derivatives may also have additional isomers due to several 
different configurations of the six-membered MOCCCO ring, which is  not 
necessarily planer. TiCl^.DEM, TiCl .^DMDTO and SnCl .^DMDTO exhibit single 
intense N-H stetches, which may be due to e ither several N-H bands being 
coincidentally isoenergetic, or the ligand adopting a particu lar  
thermodynamically favoured configuration.
The H^ NMR spectra of the MC1..L complexes, Table 6 .2 .2 , were found to 
be consistent with the proposed so lid  state structures, although in some 
cases, resolution was limited due to poor complex so lu b ility .
184.
Compound 6Me fiCHgEt 6CH2
(back bone)
¿NH
DM0 2.83(a) - - 7.59(b)
Ti C l4 .DM0 3.26(c) - - 9.12(b)
SnCl4 .DM0 3.32(a) - - 8.80(b)
DEO 1.15(d) 3.30(e) - 7.71(b)
T iC l4 .DE0 1.39(d) 3.74(e) - 8 .86(b)
DEM 1.09(d) 3.21(e) 3.40(f) 6.99(b)
T iC l4 .DEM 1.27(d) 3.49(e) 3.88(f) 7.66(b)
SnCl4 .DEM 1.27(d) 3.53(e) 4.02(f) 7.97(b)
DMDTO 3.27(a) - - 10.39(b)
T iC l4 .DMDT0 3.40(c) - - 9.91(b)
SnCl4 .DMDTO 3.33(c) - - 10.28(b)
DEDTO 1.33(d) 3.74(e) - 10.35(b)
T iC l4 .DEDT0 1.34(d) 3.76(g) - 10.29(b)
SnCl4 .DEDTO 1.45(d) 3.91(g) - 1 0 . 00(b)
(a) doublet
(b) broad singlet
(c) poorly resolved doublet
(d) tr ip le t
(e) two superimposed quartlets (pseudo pentaplet)
(f)  sharp sing let
(g) poorly resolved 'pseudo pentaplet'
Table 6.2.2 ]H NMR Spectra of MC14 .B, CDN02/TMS (90 MHz)
13For the same reasons C measurements of the complexes were unobtainable, 
although no such restrictio n  was found for the ligands, Table 6 .2 .3 . No 
obvious pattern for differences between the SnCl4 and T iC l4 adducts was 
observable. A general downfield sh ift  for a ll the resonances indicates
that electron density is  transferred from the alkyl groups into the CNO(S) 
moiety. The magnitude of th is  s h if t  is  considerably greater for the 0 
donors (e .g . SnCl^.DMO, ¿50.49) than for the S donors (SnCl^.DMDTO,
¿ 60.08) ,  suggesting that th is  e ffe ct is  more pronounced for the amide 
complexes than the thioamide complexes.
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Ligand
/ R
(S)0=C
V
R—NHMe
H
1
R-N-C^Me
H
R-N-CH2Me R-C-CHg-C-R
DMO(a) 162.36 26.39 - - -
DEO(b) 161.64 - 35.36 14.69 -
DEM(b) 167.75 - 34.45 14.43 43.09
DEMDTO(a) 132.53 34.12 - - -
DEDTO(b) 184.32 - 42.37 12.61 -
Table 6 .2 .3  13C NMR S h ift  Data of the Ligands (a) CD3OD and
(b) CDCI3
This is  p a rt ia lly  reflected in the predominantly v ( C - N )  IR stretching mode, 
where ¿ v ( C - N )  is  s lig h tly  higher for the 0-bonded systems than for the 
S-bonded systems. The im plication that the bond order in the C - N  bond 
is  maintained mainly by delocalisation  from the NHR groupings rather than 
by loss of C = 0  or C = S  bond density is  evidence that the large difference  
between ¿ v ( C = 0 )  (17-24 cm” ^  ) and ¿ v ( C = S )  (47-100 cm~^ ) i s ,  in fa c t , a 
true indication of the re la t iv e  donor properties of the two sets of ligands, 
and that the S  donors are more strongly bonded to the metal atom than the 
corresponding 0 donors. This i s  in accordance with the general picture  
for MCl  ^ systems (M = T i ,  Z r, Hf) and that sulphur is  a better donor than 
oxygen (60, 62).
No evidence was found that the geometric isomers seen in the so lid  
state sp ectra ,p ersist in so lu tio n . I t  can only he presumed here that some
O O l
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rotation about the C-N bond is  s t i l l  possible, despite the increased bond
to the resonances expected for the complex, a well defined t r ip le t  
(«1.45) and quartet (&4.94) that was shown to be independent of the 
T iC l4 . DEM system by the integrated in ten sity . A large downfield sh ift  
for the methylinic quartet pointed to a situation where the nitrogen 
atom environment had been d ra st ica lly  altered. Two models for th is  
behaviour are aminolysis to give a Ti-N linkage with expulsion of HC1,
#
and reaction with the MeN02 solvent giving protination of the N atom 
(and consequently produced a quartet for the methylene group due to a 
reduction in J(H-H). The former seems the most l ik e ly  prospect as 
a sing le N-H resonance is  observable, and the intense brown colour of the 
nitromethane anion, which would have to be present i f  protination had taken 
p lace, was noticeably absent.
6.3 Experimental
6 .3 .1  Preparation of DM0, DEO, DMDTO, DEDTO and DEM
N,N -dimethyloxamide (DM0) and N,N -dimethylmalonamide (DEM) were 
prepared by direct addition of three-fold excess of aqueous 25% MeNH2 
solution to solutions of the appropriate ethyl ester in MeOH.
order in the adducts. The NMR spectrum of TiCl^.DEM showed in addition
MeOH
+ 2MeNH,2 + 2EtOH
The white precipitate formed was recrysta llised  in high y ie ld  from 
MeOH/EtOH/Et20.
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N,N -diethyloxamide (DEO) was prepared in an analogous manner to DM0 
by d is t i l l in g  a 2:1  excess of anhydrous EtN^ onto a solution of diethyloxamide 
in MeOH at 77 K in vacuo. Warming the resu ltant mixture to room temperature 
and leaving to stand for several hours produced large colourless plates 
of DEO which was recrysta llised  from hot MeOH.
N.N-dimethyldithiooxamide (DMDTO) and N,N -diethyldithiooxamide (DEDTO) 
were prepared from the corresponding oxamides by a s lig h tly  modified method 
to that of Hurd et al^  (383, 397). To a refluxing solution/suspension of 
f in e ly  ground DEO or DM0 in toluene was added a three-fold excess of 
so lid  P^ S-iq in small portions. The reaction was exothermic. On completion 
of addition, the mixture was maintained at reflux for a further 6 to 8 hours, 
producing an orange brown solution and an intractable black so lid . The 
solution was decanted and the solid  residue washed with 3 x 100 ml portions 
of toluene. Combining the solution and washings and removal of solvent 
gave an orange/brown o i l ,  which was dissolved in MeOH and refluxed with 
activated charcoal for 2 hours. F iltra tio n  through a celite-bedded sin ter  
and concentration of the resultant c lear orange solution gave orange 
crysta ls  of DMDTO or DEDTO, which were recrysta llised  from hot MeOH (overall 
y ie ld  40-50%).
6 .3 .2  Complexes of MC  ^ (M = Sn, T i) with DM0, DEO, DEM, DEDTO, DMDTO
Complexes were prepared by addition of MCl^  in CgHg solution to an 
equimolar amount of the appropriate ligand, also in CgHg. In a typical 
reaction, Ti Cl^ (1 ml, 9.1 mmol) in 150 ml CgHg was added dropwise to 
a solution of DEDTO (1.60 g, 9.1 mmol) in CgHg (200 ml) producing an 
immediate colour change. On stirr in g  for several hours, an orange 
precip itate of Ti Cl^. DEDTO separated from solution, which was co llected , 
washed with CgHg (2 x 100 ml portions), hexane (2 x 100 ml portions) and dried 
in vacuo. Yields were v irtu a lly  quantitative in a ll cases. Analytical data 
and physical properties are summarised in Table 6 .3 .1 .
I
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A P P E N D I X  A
STARTING MATERIALS AND ANALYTICAL METHODS 
(a) Starting Materials
A cetonitrile  was obtained from Fisons S c ie n tif ic  Apparatus L td ., Loughborough, 
and prior to use was refluxed over CaH2 and d is t ille d  under a normal 
pressure of dry nitrogen.
Aluminium powder was obtained from BDH Chemicals L td ., Poole. Prior to use 
i t  was washed with dry EtgO, and stored in an oven at 393 K.
Aluminium trich lo rid e  was obtained as the anhydrous material from BDH 
Chemicals L td ., Poole, and freed from FeClg by repeated fractional sublimation 
in vacuo.
Antimony pentachlpride was obtained by d is t illa t io n  of the technical grade 
material in high vacuum.
Antimony trich lo rid e  (AR grade) was obtained from BDH Chemicals L td ., Poole, 
and purified by sublimation in vacuo.
Antimony tribromide was obtained from BDH Chemicals L td ., Poole. I t  was 
re cry sta llised  from CgHg, and sublimed in vacuo prior to use.
Arsenic tribromide was obtained from Pfaltz and Bauer L td ., Stamford, Conn., 
and d is t il le d  in vacuo prior to use.
Arsenic trich lo rid e  was obtained from Hopkin and Williams L td ., Essex, and 
d is t ille d  over Na metal in vacuo.
Benzene (AR grade) was obtained from BDH Chemicals L td ., Poole, and stored 
over Na w ire . Prior to use i t  was d is t il le d  over CaHg under a normal pressure 
of nitrogen.
Bis(cyclopentadienyl)Hafnium (IV) dichloride was obtained from Strem 
Chemicals In c ., Newburyport, Mass.
Bis(cyclopentadienyl)Titanium (IV) dichloride was obtained from Strem 
Chemicals In c ., Newburyport, Mass., or synthesised from TiCl^ and NaCp by 
the method of Wilkinson and Birmingham (398).
Bis(cyclopentadieny1)Zirconium (IV) dichloride was obtained from Aldrich 
Chemical Co. In c ., Milwaukee, W is., or from Alfa (Ventron), Danvers, Mass.
Bis(dimethyl ami no)dimethyl si lane was prepared according to the method of 
Washburne and Peterson (399).
Bis(diphenylphosphino)methane (dpm) was obtained from BDH Chemical L td .,
Poole, and recrysta llised  from CgHg.
Butyl lithium  was obtained as a 1.6 M solution in n-hexane from the Aldrich 
Chemical Co. In c ., Milwaukee, W is., and syringed d irectly  out of the bottle 
as required.
Carbon tetrachloride was obtained from BDH Chemical L td ., Poole, and d is t ille d  
from CaH2 under a normal pressure of N2 prior to use.
Chlorobenzene was obtained from Hopkin and Williams L td ., Essex, and d is t ille d  
from P205 under a normal pressure of nitrogen prior to use.
Chloroform was obtained from BDH Chemicals Ltd ., Poole. It  was freed from 
ethanol by stirr in g  800 ml protions with P205 for two hours, followed by 
d is t illa t io n  from CaH2 under a normal pressure of nitrogen.
Chromium trich lo ride  was obtained as m etallic purple p latelets of the anhydrous 
material from ICN Pharmaceuticals, In c .,  Plainview, New York.
Deuterated solvents were d is t ille d  on a closed section of the vacuum lin e  over
the same desiccant as was used for the proteo analogue.
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Pichloromethane was obtained from BDH Chemical L td ., Poole, and d is t il le d  
from P205 under a normal pressure of nitrogen prior to use.
Dichlorodimethylsilane was obtained from Midland Silicones L td ., and d is t il le d  
under nitrogen before use.
Pichloro-bis(dimethylamino)silane and Pi chioro-bis(dimethyl ami no)germane were 
prepared from Me2NH and the appropriate tetrahalide by the method of Cass and 
Coates (400).
Pi ethyl ether was obtained from BPH Chemical L td ., Poole, and stored over 
Na wire.
Pimethylamine was obtained as the anhydrous material from BPH Chemicals Ltd ., 
Poole. I t  was d is t ille d  in vacuo, and stored in a re-sealable glass ampoule 
in vacuo.
Pimethylsu lphoxide (PMSO) was obtained from Fi sons S c ie n tif ic  Apparatus L td ., 
Loughborough, and stored over Linde-type 4A molecular sieves.
Germanium tetrachloride was obtained from BPH Chemicals L td ., Poole. I t  was 
d is t ille d  in vacuo, and stored in a re-sealable glass ampoule under vacuum.
Gold trich loride was prepared by passing chlorine over fin e ly  divided m etallic  
gold at 413 K. The anhydrous material was obtained as shining red p la te le ts .
Hafnium metal 99.9% was obtained as a fine powder (<40y) 
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from Goodfellow Metals
Hafnium tetrabromide was prepared using the apparatus illu stra te d  in F ig . A1. 
A stream of dry nitrogen was passed over the metal in a s i l i c a  tube, and 
the furnace temperature was gradually raised to ^750 K. The nitrogen stream 
was gradually replaced by a mixture of Br2 and Ng produced by passing 
N2 over previously dried liqu id  bromine. The product sublimes out of the
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furnace tube and is  collected in trap A. The product was pumped in vacuo 
for several hours before being sealed in glass ampoules under nitrogen.
Fig . A1 Apparatus for the Preparation of MX^ (M = Hf, X = C l, B, 
M = Zr, X = Cl)
Hafnium tetrachloride was prepared d irectly  from the elements using 
the apparatus in F ig . A1.
Hafnium tetraiodide was prepared from the elements. Finely divided hafnium 
was mixed with a four-fold excess of resublimed iodine, and placed in  
a heavy walled furnace tube, F ig . A2.
c B D A
f --------------------------------- \  — IV____________ ____________ f = \ J ^ J
Fig . A2 Furnace Tube
The tube was attached to the vacuum lin e , and cooled to 77 K to prevent I 2 
subliming out of the reaction mixture. The tube was sealed at A, and placed 
in a furnace at 523 K. Daily rotation of the tube over a 4 day period 
ensured that the reactants remained in the hot zone of the furnace. After 
reaction was complete, the products were sublimed into section D, and 
on careful warming at D, excess iodine was resublimed back into C to give 
Hfl4 as bright orange crysta ls  at D. The product was then isolated by closing
the seal at B.
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Hexamethy1cyclotrisiloxane was, obtained from A lfa , Danvers, Mass.
n-Hexane was obtained from May and Baker L td .,  Dagenham, and d is t ille d  
from CaH2 under a normal pressure of nitrogen.
Molybdenum pentachloride, Molybdenum tetrach loride, Molybdenum tr ich lo rid e , 
Molbydenum oxytetrachloride and Molybdenum oxytrichloride were a ll obtained 
from the Climax Molybdenum Co., New York.
Octamethylcyclotetrasi1oxane was obtained from A lfa, Danvers, Mass.
Phenyl phosphine was obtained from Strem Chemicals In c ., Newburyport, Mass.
Pyridine was obtained from Fisons S c ie n tif ic  Apparatus L td ., Loughborough, 
and prior to use was d is t ille d  from KOH under an N2 atmosphere.
Silicon tetrachloride was d is t ille d  in vacuo from the technical grade 
m aterial, and stored in a re-sealable glass ampoule under vacuum.
Tetrachloro-bis(trimethylamine)Hafnium (IV ) was prepared from HfCl^ and NMe3 
by the method of Willey (144).
Tetrachloro-bis(trimethyl amine)Zirconium ( IV ) was prepared by the method 
of Hughes and Willey (141).
I .  I
N,N,N ,N -tetramethyldiami nomethane was obtained from the Aldrich Chemical Co. 
In c ., Milwaukee, W is., and was purified by d is t illa t io n  from KOH in vacuo.
Tetrahydrofuran was obtained from May and Baker Ltd ., Dagenham, and was 
d ist ille d  prior to use from CaH2 under a normal pressure of nitrogen.
Tin metal was obtained from BDH Chemicals L td ., Poole. I t  was washed with 
Et20, 2% HC1 and EtOH before being dried in  vacuo.
Tin tetrabromide and Tin tetrachloride were obtained from BDH Chemicals Ltd .,
Poole, and d is t ille d  in vacuo before use.
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Tin tetraiodide was prepared from Iodine and an excess of Sn metal in 
boiling CCl^. The product was recrystal 1ised from CCl^ to give deep orange 
crysta ls .
Titanium tetrachloride was obtained from Hopkin and Williams L td ., Essex.
I t  was stored over Cu turnings, and syringed d irectly  from the bottle as 
required.
a-Titanium trich lo rid e  was obtained as the anhydrous resublimed product from 
ICN Pharmaceuticals In c ., Plainview, New York.
Trichloro-bis(trimethylamine)M ( I I I ) ,  M = T i, V, Cr were prepared from 
anhydrous metal trich lo rides and NMe^  by the method of Fowles and Hoodless 
( 68) .
Trichloro-(dimethylamino)germane and Trichioro-(dimethyl amine)silane were 
prepared by the method of Cass and Coates (400).
T rich lo ro -tris (1igand)M ( I I I ) ,  M = T i ,  V, Cr, Ligand = THF, MeCN were 
prepared by extraction of the anhydrous metal halide with the appropriate 
ligand in a Soxhlet apparatus sim ilar to the method of Kern (401).
Trimethyl amine was obtained from BDH Chemicals L td ., Poole. I t  was dried 
by d is t ill in g  in  vacuo onto P20g at 195 K, and after s t irr in g  for two hours 
was d is t ille d  in vacuo into a resealable glass ampoule.
s-Trioxan and s-Trith iane were obtained from the Aldrich Chemical Co. Inc. 
Milwaukee, W is., and purified by sublimation in vacuo.
Tris(2-ami noethyl)amine, tren was obtained from Strem Chemicals In c .,  Newbury- 
port, Mass., and d is t ille d  under reduced pressure from KOH prior to use.
Tris(2-dimethylami noethyl)amine, (Mefitren) was prepared from tren by the 
method of Ciampolini and Nardi (402). Prior to use i t  was d is t ille d  under 
reduced pressure from KOH.
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Tris(dimethyl ami no)phosphine oxide (HMPA) was obtained from the Aldrich 
Chemical Co. In c .,  Milwaukee, Wis. Prior to use i t  was d is t ille d  under 
reduced pressure from KOH.
Tris(trim ethyl s i l y l )phosphine was prepared from PCI3 and Me S^iMgCl in 
boiling THF according to the method of Schumann and Rösch (403).
Vanadium trich lo ride  was obtained from ICN Pharmaceuticals In c ., Plainview,
New York,as the andydrous m aterial.
Zirconium metal was obtained from Cerac/Pure In c ., Menomonee F a l ls ,  Wisconsin.
Zirconium tetrachloride was prepared from the elements in a sim ilar manner 
to that used for HfBr^.
Zirconium tribromide and Zirconium trich lo ride  were prepared by reduction of 
the tetrahalide with A1 powder, i .e .
3ZrX4 + A l------------- -3ZrX3 + AIX3 (X = Cr, Cl)
The Al powder was mixed with a 3.1 fold excess of ZrX4 , and placed in a 
furnace tube (Fig. A2). The tube was pumped in vacuo, and sealed at A.
I t  was then placed in a tube furnace at <^ 500 K. The tubes were removed 
each day and the fused mass formed by the reaction broken up and remixed. 
Reaction was complete after <\-2 weeks, at which time careful heating of the 
tube at C sublimed excess ZrX4 and A1X3 into D. The ZrX3 was then isolated  
by sealing the tube at B.
(b) Analytical Methods
Chlorine, Bromine and Iodine were determined by the Volhard method.
A small quantity of the test sample (0.1 - 0.15 g) was hydrolysed in dilute  
aqueous HNO3 and the solution made up to 100 ml. Determinations were carried 
out on 25 ml aliquots of the test solution, which were titrated  against 
standard KSCN with NH4Fe(S04 )2/HN03 as indicator. The end point was indicated
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by the formation of blood-red Fe (III)(SCN)g . For chloride determinations, 
<v4 ml PhN02 was added to each test aliquot to coagulate the AgCl p recip itate . 
The AgN03 solution was standardised against NaCl with K2Cr04 as indicator.
Titanium was determined by Atomic Absorption. Typ ically, 0.2-0.3 g 
of sample were dissolved in d ilute HC1, and the solution made up to 
50 ml. The solutions were run on a Varian AA6 Spectrophotometer using 
a nitrous oxide/acetylene flame at 364.3 nm. The spectrophotometer 
was standardised before each determination with a standard solution of 
Ti(S04)2 in H2S04 (1 mg/ml)
Zirconiurn was determined gravim etrically following combustion to 
the oxide. 0.05-0.1 g sample was placed in a platinum crucib le, which 
had previously heen heated to constant weight, and was spotted with a 
few drops of 50% HNO3 . The sample was gently heated until combustion 
occurred, a fte r which i t  was heated strongly. The spotting/heating 
cycle was repeated until the crucible was at constant weight, and the 
residues weighed as Zr02.
Carbon, Hydrogen, Nitrogen, Phosphorus and Sulphur were determined 
professionally by Butterworth Laboratories Ltd ., Teddington, Middlesex.
3_
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A P P E N D I X  B
EXPERIMENTAL TECHNIQUES AND INSTRUMENTATION
(a) Experimental Techniques
The majority of the compounds described in this thesis were a ir/  
moisture sensitive . To overcome th is problem, special anaerobic techniques 
were used, the compounds being handled under an inert atmosphere (N2 or Ar) 
or in high vacuum.
The Dry Box
Loading of reaction vesse ls, and the preparation of samples for 
spectroscopic analysis was carried out in a steel gloved box, which was 
constantly flushed with dry nitrogen. The internal atmosphere of the box 
was desiccated by two dishes of P2O5 which were regularly stirred  and 
replaced. Entrance to the box was achieved via an 'a irlo ck ' type entry 
port, which was flushed with an independent supply of dry nitrogen.
The Vacuum Line
Preparation and isolation of products was carried out using a standard 
a ll glass vacuum lin e . The vacuum was produced and maintained with a 
Genevac double stage rotary pump, type G.R.D. 2 or G.R.S. 2, and an 
e le c tr ic a lly  heated mercury diffusion pump. Using th is system a vacuum 
of 10” 3 mmHg was obtainable (Fig . B l) .
Solvent Drying
Solvent drying was carried out under a dry nitrogen atmosphere using 
a specially designed solvent s t i l l  (Fig . B2). Batches of solvent (^400 ml) 
was refluxed ca 1 hour over the appropriate desiccant (See Appendix A), and 
then collected on the sintered f r i t .  The solvent was de-gassed either by

Fig. B2 Solvent S t i l l
Fig. B3 a *pig'
applying a positive pressure of dry nitrogen at the solvent co llection  
point A, or more routinely by freeze/pump/thaw cycles on the vacuum lin e  
or by merely pumping off a small fraction of the solvent in vacuo.
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Product Storage
After washing in vacuo with the appropriate solvent and pumping in vacuo 
for several hours, products were introduced to a pre-flamed glass 'pig'
(F ig . B3). The pig was then transferred to the vacuum lin e , evacuated and 
the atmosphere replaced with dry nitrogen. Each 'leg' was then sealed 
under a normal pressure of nitrogen, thus encapsulating the sample.
Preparation of Complexes
(a) Reactions involving soluble metal halides, e .g . TiCl^, SnX^  (X = C l ,
Br, I ) ,  SbClc, AuCl-,
Complexes were prepared by dropwise addition of a solution of the 
metal halide in a non-coordinating solvent (e.g. CgHg, n-hexane, CC14, etc) 
to a well stirred  solution of the appropriate ligand in the same solvent. 
Experiments were either performed in a dry box or, where cooling of the 
reaction vessel was required, under a constant head of dry nitrogen.
(b) Reactions involving insoluble metal halides, e.g . ZrCl/), HfCl^
Reactions in which an insoluble metal halide was used, or where
prolonged reaction times were required, were carried out by sealing the 
reactants in a single ampoule bomb (Fig . B4a). The bomb was loaded using 
the apparatus shown in Fig . B5a. The metal halide was placed in a pre­
flamed single ampoule bomb (A) and the appropriate ligand in a dry flask (B ). 
These were attached to the apparatus and evacuated. Dry solvent is  then 
condensed into both A and B at 77 K. On warming to room temperature, the 
solution in flask  A was poured into B by rotating the glass arm. The reaction 
mixture was degassed, the bomb sealed, and placed on a mechanical shaker or 
in a water bath until reaction was complete.
Fig. B4a Single Ampoule Reaction Vessel
Fig. B4b Double Ampoule Reaction Vessel
4 PI
vacuum line
Fig. B5a Loading on the Vacuum Line
vacuum line
B
Fig. B5h Extraction on the Vacuum Line
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(c) Reactions involving soluble trimethyl amine complexes as intermediates, 
i'.e. MClv 2NMe3, (M  ^ T i , V, C r), MCl^NMe^, (M = Zr, Hf)
Reactions of th is type were carried out using the apparatus in F ig . B5b. 
The NMe^  complex and ligand were placed in flasks A and B respectively, 
and the apparatus evacuated. Dry benzene was then condensed into A and B 
at 77 K. On warming to room temperature, the solution in flask A was 
decanted from the decomposition product through s in te r C into flask B 
by rotating the glass arm. The reaction mixture was then degassed, 
and liberated NMe3 trapped out at 77 K, and identified by it s  gas phase 
IR spectrum.
(d) Reactions involving liq u id  NMe^
These reactions were carried out using a double ampoule bomb (F ig . B4b). 
The solid  reactant was Introduced to bulb A via seal B, and the bomb 
evacuated on the vacuum lin e . Dry NMe3 was then condensed into A at 77 K, 
and the bomb sealed at B i;n vacuo. On warming to room temperature, the 
NMe^  solution was tipped into bulb C via s in ter D, and the NMe^  b ack-d istilled  
by cooling bulb A to 273 K. Thi.s process was repeated until complete 
extraction had been achieved. NMe3 was removed from the system via E, and 
the product isolated by sealing the bomb at F.
Product Isolation
Workup of products was achieved using the apparatus shown in F ig . B5b.
The crude products are placed in flask  A, and the system is  evacuated.
Dry solvent is  d is t ille d  into A at 77 K, and when the flask has warmed 
to room temperature, the solvent is  decanted through the f r i t  C into 
flask  B. This process is  continued until a ll soluble products have been 
extracted, and the insoluble product is  then pumped in vacuo for several 
hours.
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(b) Instrumentation and Physical Measurements 
Infra Red Spectra
Infra red spectra (4000-200 cm” )^ were recorded on Perkin-Elmer 621 
or 580 B Grating Infra Red Spectrophotometers. Spectra run on the PE 621 
instrument were calibrated at 2855, 1601 and 1028 cm  ^ using a 0.05 mm 
polystyrene film . Solid samples were investigated as Nujol or hexachloro- 
butadiene mulls sandwiched between Csl p lates. Gaseous samples were 
condensed into a gas c e l l ,  fitted  with NaCl windows and run on a 
PE 457 instrument. Spectra in the 400-50 cm"^  region were recorded on 
a RIIC FS-720 Spectrophotometer as Nujol mulls held between polythene plates.
Nuclear Magnetic Resonance Spectra
Proton NMR spectra were recorded on Perkin-Elmer R12 (60 MHz), Brücker
WH 90 (90 MHz), Perkin-Elmer R34 (220 MHz) or Brücker WH 400 (400 MHz)
spectrometers. The fie ld  at which each spectrum was measured is  indicated
13in the text. Tetramethyl si lane (TMS) was used as a reference. C and
^P spectra were recorded on a Brücker WH 90 instrument at 22.63 MHz and
13 3136.44 MHz respectively. C spectra were referenced using TMS, and P spectra
with 40% H3P04 (glass cap illa ry ).
Electronic spectra
Ultra v io le t  and v is ib le  spectra were measured on a Carey 14 spectro­
photometer using the apparatus shown in Fig . B6 . Routine spectra were run 
on a Unicam SP 800 instrument. Solid samples were introduced into bulb A 
in the dry box, and the ce ll was then removed to the vacuum lin e  and 
evacuated. The appropriate solvent was then d is t ille d  into bulb A at 77 K, 
and on warming to room temperature, the solution was tipped into the 
cy lind rica l quartz UV ce ll B. The sample could be diluted by d is t i l l in g  
on additional solvent from bulb A.
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Conductivity Measurements
Conductivities were measured using the apparatus shown in F ig . B7.
A
Ftg. BL7 Conductivity Cell
An accurately weighed small amount of sample was placed in bulb A, and 
the apparatus evacuated. The appropriate solvent was then condensed Into 
A at 77 K, and the weight of solvent determined by difference. The apparatus
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was placed in a thermostated bath at 298 K for 30 mins to equilib rate ,
and su ffic ien t solution was then poured into ce ll B to cover the
platinum electrodes. The resistance of the solution was then measured
using a P h illip s  PR 9500 bridge. Further readings were taken at d ifferent
concentrations by removing some of the solvent in vacuo and repeating
the above procedure. A plot of concentration of sample versus resistance
-3gives the solution resistance at 10 M by extrapolation. The conductivity  
can now be calculated by,
_ 1 0 0 0  c
C R m
where Am = molar conductivity.
C = Cell Constant, calculated as 0.308 cm" 1 using a standard
0.1 M KC1 solution.
C = molar Concentration of solutem
R = Resistance
Experimentally determined values were compared to values obtained for non­
conducting, 1 : 1  and 1 : 2  e lectro lytes in the same solvent (222) .
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